




STUDIES ON INTERACTIONS BETWEEN  







Zhang Xin  
(B.Sc, CAU) 
   
A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARMENT OF BIOLOGICAL SCIENCES 









My first thank goes to my supervisor, Prof. Wong Sek Man for his excellent 
instructions and constant support. I really appreciate the research study in the 
molecular virology lab and the opportunity to learn under his guidance. I have also 
learnt a lot from Prof. Wong about his wisdom and social experience which have 
enlightened me. I really appreciate his patience and warm heart to help me to overcome 
difficulties in my studies. My sincere thanks also go to my PhD committee members, 
Associate Professor Yu Hao and Assistant Professor Cynthia He for their helpful 
discussions and advice during the committee meetings.  
 
Special thanks to all the members of the Plant Molecular Virology Lab: Li Weimin 
for the clone of pGBKT7-CP and L10a, Cheng Ao for the cDNA clone pGST-CP, Niu 
Shengniao for her technical advice. I also thank the undergraduate students in the lab 
Fiona Setiawan, Sharon Kok, Tan Shihao, Lin Bitong and Xie Zhicheng. I also would 
like to thank my former lab members Lim Chin Chin, Meng Chunying, Xie Juntao 
and current lab members Sunil Kumar Tewary, Zhuang Linjie, Yi Wen and Gao 
Ruimin for all of their help and encouragement during my PhD study in the lab. 
Special appreciation goes to Wang Cheng, for his continuous care and love; special 




Sincere thanks go to Mr Chong PL and Madam Loy GL of DBS for their help with 
transmission electron microscopy work. I also want to thank Ms Tong Yan for her 
help in my confocal laser microscopy study. 
 
I wish to pay special tributes to my family members for their encouragement 
throughout all these years. Special thanks to my former teachers in China Agricultural 
University, Associate Professor Cheng Yuqin, Professor Fan Zaifeng, Professor Li 
Huaifang for their continuous encouragement and care. Finally, grateful thanks go to 
the National University of Singapore for awarding me the NUS research scholarship. 
 iii 
Table of Contents 
ACKNOWLEDGEMENTS ......................................................................................... i 
Table of Contents ....................................................................................................... iii 
LIST OF TABLES ........................................................................................................ x 
LIST OF FIGURES .................................................................................................... xi 
ABBREVIATIONS ....................................................................................................... i 
SUMMARY   .......................................................................................................... viii 
PUBLICATIONS ......................................................................................................... x 
CHAPTER 1 Introduction .......................................................................................... 1 
1.1 Symptoms and developmental abnormalities .................................................. 1 
1.1.1 Virus infection affected host gene expression and proteins ...................... 2 
1.1.2 Virus infection initiated plant response ..................................................... 4 
1.1.3 Virus infection altered hormone metabolism ............................................ 8 
1.1.4 Virus infection triggered plant defense mechanism .................................. 9 
1.2 Virus-host interaction ..................................................................................... 12 
1.2.1 Virus-host interactions that coordinate replication or translation ........... 12 
1.2.2 Virus-host interactions that coordinate movement ................................. 14 
1.2.3 Virus-host interaction that suppresses resistance of plant ....................... 16 
 iv 
1.3 Protein-protein interaction study.................................................................... 18 
1.3.1 Yeast Two-Hybrid (Y2H) Screening ....................................................... 19 
1.3.2 Other methods to study protein-protein interaction ................................ 23 
1.4 Virus-induced silencing of genes in plant ...................................................... 27 
1.5 The functions of viral coat protein in virus infection and virus-host 
interaction ................................................................................................................. 28 
1.6 Studies on HCRSV and HCRSV CP .............................................................. 30 
1.6.1 HCRSV ................................................................................................... 30 
1.6.2 Kenaf ....................................................................................................... 33 
1.6.3 Interaction studies on HCRSV CP .......................................................... 33 
1.7 Rationales and objectives of this project ....................................................... 34 
CHAPTER 2 General materials and methods ........................................................ 37 
2.1 Media and buffers .......................................................................................... 37 
2.2 Plant materials and inoculation ...................................................................... 37 
2.2.1 Plant materials and growth conditions .................................................... 37 
2.2.2 Plant inoculation ..................................................................................... 37 
2.3 Molecular cloning .......................................................................................... 38 
2.3.1 Polymerase chain reaction (PCR) ........................................................... 38 
2.3.2 Purification of PCR fragments and DNA fragments from agarose gel ... 38 
2.3.3 Ligation of DNA inserts into plasmid vectors ........................................ 38 
 v 
2.3.4 Preparation of competent E. coli ............................................................. 39 
2.3.5 Transformation of bacteria with plasmids .............................................. 39 
2.3.6 Plasmid purification from E. coli ............................................................ 40 
2.3.7 DNA sequencing ..................................................................................... 40 
2.4 Y2H study ...................................................................................................... 41 
2.4.1 Preparation of yeast competent cells (LiAC method) ............................. 41 
2.4.2 Transformation of plasmids into the yeast cells ...................................... 42 
2.4.3 Purification of plasmids from yeast cells ................................................ 42 
2.5 In vitro transcription of DNA with T7/T3 RNA polymerases........................ 43 
2.5.1 Preparation of infectious transcripts ....................................................... 43 
2.5.2 Inoculation of in vitro transcription product onto true leaves ................. 44 
2.6 Analysis of RNA from plants ......................................................................... 44 
2.6.1 Isolation of total RNA from plants.......................................................... 44 
2.6.2 Real-time PCR ........................................................................................ 45 
2.7 Protein expression and purification ............................................................... 46 
2.7.1 Plasmid construction and transformation................................................ 46 
2.7.2 Induction of protein expression .............................................................. 47 
2.7.3 Protein purification ................................................................................. 47 
2.7.4 Protein concentration measurement ........................................................ 48 
2.7.5 Sodium dodecylsulfate-polyacrylamide electrophoresis (SDS-PAGE) .. 48 
2.7.6 Staining of SDS gel by coomassie brilliant blue .................................... 49 
 vi 
2.7.7 Immunodetection of proteins .................................................................. 50 
2.7.8 In vitro translation of DNA with T7 RNA polymerases ......................... 50 
2.7.9 Detection of the in vitro translation product ........................................... 51 
2.8 Protein extraction from virus-infected plants ................................................ 52 
2.9 Isolation and transfection of kenaf protoplasts .............................................. 53 
2.9.1 Isolation of kenaf protoplasts .................................................................. 53 
2.9.2 PEG transfection of protoplasts .............................................................. 54 
2.9.3 Confocal study of protoplasts with fluorescence .................................... 54 
2.10 Reverse Transcription-PCR ........................................................................ 54 
CHAPTER 3 Screening and identification of host proteins interacting with 
HCRSV CP 56 
3.1 Introduction .................................................................................................... 56 
3.2 Materials and methods ................................................................................... 57 
3.2.1 Construction and screening of kenaf cDNA library ................................ 57 
3.2.2 Sequencing and cloning .......................................................................... 59 
3.2.3 Confirmation of the interaction ............................................................... 59 
3.2.4 5‟ RACE PCR to amplify the complete sequence of C2 domain 
containing protein ................................................................................................. 61 
3.3 Results ............................................................................................................ 62 
3.3.1 Kenaf cDNA Library constructed ........................................................... 62 
3.3.2 Sulfite oxidase in kenaf (HcSO) ............................................................. 62 
 vii 
3.3.3 Identification of interaction between HCRSV CP and HcSO and 
mapping of the interacting domains ...................................................................... 66 
3.3.4 C2 domain-containing protein in kenaf .................................................. 68 
3.3.5 Putative CsP 13.9 .................................................................................... 70 
3.4 Discussion ...................................................................................................... 72 
CHAPTER 4 Plant sulfite oxidase plays important roles in the symptom 
development of Hibiscus chlorotic ringspot virus in Kenaf ................................... 75 
4.1 Introduction .................................................................................................... 75 
4.2 Material and Methods .................................................................................... 77 
4.2.1 Plant materials and construction of plasmids.......................................... 77 
4.2.2 Co-localization of HCRSV CP and HcSO using BiFC ........................... 80 
4.2.3 Protein expression and pull down assay of CP with HcSO .................... 81 
4.2.4 Determination of HcSO transcript level and sulfate level in mock and 
HCRSV infected kenaf leaves .............................................................................. 82 
4.2.5 Biochemical assays of SO and H2O2-generating activities ..................... 83 
4.2.6 Transmission electron microscopy (TEM) and immuno-EM study ....... 83 
4.2.7 Gene-silencing study of HcSO ................................................................ 85 
4.3 Results ............................................................................................................ 86 
4.3.1 HcSO interacts with HCRSV CP in kenaf protoplasts............................ 86 
4.3.2 HCRSV CP bound to HcSO in vitro ....................................................... 89 
4.3.3 HCRSV infection induces peroxisome proliferation and aggregation in 
 viii 
kenaf cells ............................................................................................................. 91 
4.3.4 HCRSV infection leads to an up-regulation of HcSO gene transcript and 
SO activity ............................................................................................................ 93 
4.3.5 HcSO was successfully silenced by TCV silencing vector ..................... 98 
4.4 Discussion .................................................................................................... 103 
CHAPTER 5 Hibiscus chlorotic ringspot virus coat protein interacts with plant 
60S ribosomal protein RPL10A .............................................................................. 109 
5.1 Introduction .................................................................................................. 109 
5.2 Materials and methods ................................................................................. 111 
5.2.1 Preparation of Hibiscus stem sap proteins ............................................ 111 
5.2.2 Preparation of HCRSV virions and coat protein subunits .................... 111 
5.2.3 HCRSV CP affinity chromatography .................................................... 112 
5.2.4 Sequence analysis of putative CP-interacting protein .......................... 112 
5.2.5 Molecular cloning of L10A protein from kenaf plant ........................... 113 
5.2.6 Rapid amplification of cDNA ends (RACE) and nested PCR .............. 113 
5.2.7 Yeast two-hybrid analysis ..................................................................... 116 
5.2.8 In vitro translation ................................................................................. 116 
5.2.9 Pull down assay..................................................................................... 117 
5.3 Results .......................................................................................................... 118 
5.3.1 Identification of RPL10A ..................................................................... 118 
5.3.2 Sequence analysis of putative L10A protein in kenaf plant .................. 118 
 ix 
5.3.3 Amplification of RPL10A gene using two degenerate primers generates a 
band with a molecular size at around 300bp ....................................................... 121 
5.3.4 Y2H study ............................................................................................. 129 
5.3.5 Pull down assay..................................................................................... 131 
5.4 Discussion .................................................................................................... 134 
CHAPTER 6 Conclusions and future work .......................................................... 136 
6.1 Conclusion and discussion ........................................................................... 136 
6.2 Future work .................................................................................................. 138 
References 140 
 x 
LIST OF TABLES 
Table 1.1 Two hybrid screening for interaction between viral proteins and host 
proteins and the significance of the interaction ............................................... 20 
Table 1.2 Y2H method used to study interacting partners of viral proteins ........ 22 
Table 3.1 Primers for cDNA library construction and RACE PCR of C2 domain 
containing protein. .............................................................................................. 60 
Table 3.2 Clones with cDNA sequences matching putative proteins from NCBI 
database ............................................................................................................... 63 
Table 4.1 Primers used in this study ......................................................................... 79 
Table 5.1 Primers used in the PCR experiment of RPL10A study ...................... 115 
Table 5.2 Interaction between HCRSV CP and L10A and identification of 
domains of CP that are involved in the interaction in yeast cells ................. 130 
 xi 
LIST OF FIGURES 
Figure 1.1. Schematic representation of HCRSV genome organization ............... 32 
Figure 3.1. Amino acid sequence alignment of the SO from kenaf (HcSO) and 
other plants .......................................................................................................... 65 
Figure 3.2. Interaction between HCRSV CP and HcSO and identification of 
domains of CP that are involved in the interaction in yeast cells ................... 67 
Figure 3.3. Amino acid sequence alignment of C2 domain containing protein 
from kenaf (HcSO) and similar proteins in other plants ................................. 69 
Figure 3.4. Alignment of CsP13.9 with putative chaperon P13.9 [Castanea sativa], 
and putative bundle sheath defective protein [Oryza sativa Japonica Group]
............................................................................................................................... 71 
Figure 4.1. BiFC co-localization of HCRSV CP and HcSO in kenaf protoplasts. 87 
Figure 4.2. Subcellular localization of HCRSV CP and HcSO in kenaf epidermal 
cells (a to c) and colocalization of the two proteins to peroxisomes which were 
counter-stained with a peroxisome-specific anti-SKL antibody in protoplasts 
(d to i). .................................................................................................................. 88 
Figure 4.3. In vitro binding assay of bacterial-expressed GST-CP of HCRSV and 
in vitro translated product (ivt) of HcSO .......................................................... 90 
Figure 4.4. HCRSV infection enhanced biogenesis and aggregation of 
peroxisomes in kenaf cells .................................................................................. 92 
Figure 4.5. Quantitative analysis of transcript expression of SO gene ................. 94 
 xii 
Figure 4.6. SO activity and H2O2-generating activity from mock-inoculated 
(mock), HCRSV-infected (HCRSV) and diluted HCRSV infected (100X dil) 
kenaf leaf extracts (10 µg). ................................................................................. 95 
Figure 4.7. Comparison of H2O2 generating activity between mock-inoculated 
(M), HCRSV (V) infected kenaf leaves and HCRSV infected kenaf leaves 
under stress (SV) 13dpi. ...................................................................................... 97 
Figure 4.8. Comparison of sulfate levels between mock-inoculated and 
HCRSV-infected kenaf leaves ............................................................................ 99 
Figure 4.9. Study on the effect of silencing of HcSO on the symptom development 
of HCRSV infection and quantitative analysis of transcript expression of 
HcSO gene.......................................................................................................... 102 
Figure 4.10. The proposed hypothesis on the important roles of SO for the 
appearance of disease symptom…………………………………………………108 
 
Figure 5.1. Purification of CP-interacting proteins by affinity chromatography
............................................................................................................................. 119 
Figure 5.2. Identification of p26 as a 60S ribosomal protein RPL10A ............... 120 
Figure 5.3. PCR of RPL10A gene using two degenerate primers generated a size 
of around 300 bp ............................................................................................... 122 
Figure 5.4. Alignment of the PCR product by degenerate primers ..................... 123 
Figure 5.5. 5’ Race PCR product done with the touch down step incorporated is 
in gel photo (a) and nested PCR in gel photo (b) ........................................... 124 
Figure 5.6. 5’ RACE PCR result showed three RPL10A sequences with a small 
 xiii 
difference ........................................................................................................... 125 
Figure 5.7. The PCR product of cDNA of full length RPL10A using L10A-5’ 
Long Distance Primer and L10A-3’ Long Distance Primer .......................... 127 
Figure 5.8. Alignment of kenaf RPL10A with 60S ribosomal protein from other 
plants .................................................................................................................. 128 
Figure 5.9. Purification of GST-CP and GST protein through Glutathione 
Sepharose 4B column chromatography .......................................................... 132 
Figure 5.10. The in vitro translation product of RPL10A protein (arrow) from the 
cloned RPL10A cDNA sequence obtained ...................................................... 133 
 i 
ABBREVIATIONS 
Abbreviations used for plant viruses 
AMV        Alfalfa mosaic virus  
BMV        Brome mosaic virus  
CaLCuV     Cabbage leaf curl virus  
CaMV       Cauliflower mosaic virus  
CMV        Cucumber mosaic virus 
CNV         Cucumber necrosis virus  
CPMV       Cowpea mosaic virus  
CVYV       Cucumber vein yellowing virus  
HCRSV      Hibiscus chlorotic ringspot virus 
INSV        Impatiens necrotic spot virus  
MDMV       Maize dwarf mosaic virus  
MCMV       Maize chlorotic mottle virus  
PapMV       Papaya mosaic virus  
PNRSV       Prunus necrotic ringspot virus 
PVX          Potato virus X  
RDV          Rice dwarf virus  
RYMV        Rice yellow mottle virus  
SMV          Soybean mosaic virus  
SYNV         Sonchus yellow net virus  
 ii 
SuCMoV      Sunflower chlorotic mottle virus 
TBSV        Tomato bushy stunt virus 
TCV         Turnip crinkle virus 
TEV         Tobacco etch virus 
TMV         Tobacco mosaic virus 
ToMV        Tomato mosaic virus  
TuMV        Turnip mosaic virus 
ZYMV        Zucchini yellow mosaic virus  
  
Other abbreviations: 
aa amino acid(s) 
AD                    activating domain  
Aux/IAA               auxin/indole acetic acid  
AOX                  alternative oxidase 
amiRNA               artificial microRNA 
BD                    binding domain  
BiFC                  bimolecular fluorescence complementation  
bp base pair(s) 
BSA bovine serum albumin  
C- terminal carboxyl terminal 
CP                    coat protein 
Co-IP                  co-immunoprecipitation  
 iii 
DIG                   digoxigenin 
DCL4                  DICER-like 4  
dsRNAs                double-stranded RNAs  
DIC                   differential interference contrast  
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
DNase                 deoxyribonuclease 
dNTP deoxyribonucleotide triphosphate  
dpi                    days post inoculation 
dsDNA double-stranded DNA 
DTT dithiothreitol 
eIF(iso)4E              eukaryotic initiation factor iso 4E  
eEF1A                 eukaryotic translation elongation factor 1A  
EDTA            ethylenediaminetetraacetic acid 
EtBr ethidium bromide 
EtOH ethanol 
E.coli                   Escherichia coli 
g grams or gravitational force 
G guanosine 
GFP              green fluorescence protein 
GST                    glutathione S-transferase  
GFP                    green fluorescent protein 
 iv 
GW                    glycine/tryptophan  
GA                     Gibberellic acid  
GOX                   glycolate oxidase   
HR                     hypersensitive response  
HS                     heat shock  
HSP                    heat-shock proteins  
HC-Pro                  helper component-proteinase  
h hour(s)  
HRP horseradish peroxidase 
IPTG                    Isopropyl β-D-1-thiogalactopyranoside  
IRES                    internal ribosome entry site 
ivt                      in vitro translated product  
IVT                     in vitro transcription product  
ITC                     isothermal titration calorimetry  
kDa                     kilodaltons 
kb              kilobase(s)  
lacZ -galactosidase gene 
LB                       Luria-Bertani  
M molar 






               micro 
g microgram(s) 
l microliter(s) 
m micrometre  
miRNA                    micro RNAs   
MP                       movement protein  
MMLV                    moloney murine leukemia virus  
nat-siRNA                 natural-antisense transcript-derived  
small-interfering RNAs  
NbPCIP1                  Nicotiana benthamiana PVX CP-interacting protein 1  
NLPs                     nucleocapsid-like particles  
nt                        nucleotides 
nr                        non-redundant  
ORF                      open reading frame 
Oligo oligodeoxyribonucleotide 
PAGE                    polyacrylamide gel electrophoresis  
PABP                     poly A binding protein  
PBS                       phosphate buffered saline 
PCD                       programmed cell death  
PR                        pathogenesis-related  
 vi 
PSO                       plant sulfite oxidase 
PTGS                      post-transcriptional gene silencing 
RACE                     rapid amplification of cDNA ends  
R genes                    plant resistance genes  
ROS                      reactive oxygen species 
RdRp                     RNA-dependent RNA polymerase 
RC                       replication complex  
RT-PCR                   reverse-transcription PCR 
RdRp                     RNA-dependent RNA polymerases  
RISC                     RNA-induced silencing complex  
RNAi                     RNA interference  
RBS               ribosome-binding site(s) 
RNA ribonucleic acid  
RNase ribonuclease 
rpm revolutions per minute 
SAR                      systemic acquired response  
sgRNA                    subgenomic RNA 
siRNAs                   small interfering RNAs 
SKL                      serine-lysine-leucine 
SL                       stem-loop 
sRNA                     small RNA  
SDS sodium dodecyl sulfate 
 vii 
sec second(s) 
SO                       sulfite oxidase 
TAP                      tandem affinity purification 
tasiRNAs                  trans-acting small-interfering RNAs  
TEM                     transmission electron microscopy 
TGS                      transcriptional gene silencing 
TrAPs                     transcriptional-activator proteins 
T thymidine 
TBS Tris-buffered saline  
UAS                      upstream activating sequence  
UV ultraviolet  
UTR                      untranslated region  
v/v volume per volume 
VIGS                     virus-induced gene silencing 
w/v weight per volume 
X-gal               5-bromo-4-chloro-3-indolyl -D-galactopyranoside 
Y2H                      yeast two hybrid   
 viii 
SUMMARY 
Hibiscus chlorotic ringspot virus (HCRSV) infection can cause severe chlorotic 
ringspot symptoms and stunted growth on Hibiscus which is an ornamental plant 
grown in many parts of the world. HCRSV coat protein (CP) is an important viral gene 
product required for encapsidation and viral systemic movement. To better understand 
the roles of HCRSV CP  in viral infection and its interactions with host proteins, a 
kenaf cDNA library was constructed and screened using a yeast two-hybrid (Y2H) 
system to identify CP-interacting proteins. Using the Y2H system, several putative 
proteins that interact with HCRSV coat protein were identified. These proteins include 
sulfite oxidase (SO), a putative major latex-like protein, a putative chaperon P13.9, a 
C2 domain-containing protein, a ricin domain-containing protein and putative 
alpha-D-xylosidase like protein. The interaction of CP and SO was confirmed by in 
vitro binding assay. Bimolecular fluorescence complementation (BiFC) assay was 
used to colocalize the two proteins in vivo. The interaction was found to be associated 
with peroxisomes by immunofluorescent labeling using anti serine-lysine-leucine 
(SKL) signal peptide antibody. A second Y2Hstudy showed that both the P and S 
domains of CP could interact with SO. This is probably due to the exposure of these 
two domains on the outer surface of the capsid. In addition, Transmission electron 
microscopy (TEM) revealed that peroxisomes were aggregated in HCRSV infected 
cells and the CP was localized within the peroxisomes by immuno-gold labeling. 
Biochemical assays of the total protein from kenaf leaf extracts showed that SO 
 ix 
activity and SO-dependent H2O2-generating activity in the HCRSV-infected leaves 
increased compared to the mock-inoculated kenaf plants. Thus, it is speculated that the 
interaction of HCRSV CP and SO is important for the plant to up-regulate the sulfate 
level and SO activity, which may be responsible for the virus accumulation or plant 
defense during the virus infection. 
 
Taken together, it is shown that HCRSV infection upregulates plant sulfite oxidase 
(PSO) transcripts and increases sulfate levels in kenaf. A model is proposed on how 
HCRSV is able to overcome plant resistance responses to establish infection in plants. 
The interaction between ribosomal protein L10A and HCRSV CP was also further 
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CHAPTER 1  
Introduction 
 
Virus infection may disrupt host gene expression and physiology, causing disease 
symptoms and developmental abnormalities. This may involve a virus-host interaction 
which happens in the process of replication, movement, suppression of resistance. In 
response to the virus infection, the plant also has its own mechanism to defense 
against the viral infection. Hibiscus chlorotic ringspot virus (HCRSV) infection can 
cause severe disease symptoms and stunted growth on kenaf which is an ornamental 
plant grown in many parts of the world. HCRSV coat protein (CP) is an important 
viral gene product required for encapsidation and viral systemic movement. 
 
1.1 Symptoms and developmental abnormalities 
Plant viruses are obligate intracellular parasites that do not have their own 
translational machinery in a host cell. Therefore they do not separate themselves from 
the host cells and use the host translational machinery to replicate in the cells and 
synthesize viral proteins. Usually the plants infected with virus grow slower or flower 
earlier than the mock inoculated plants. Virus infection may cause the display of the 
disease symptoms including developmental abnormalities, chlorosis, or necrosis. The 
disruption of the host processes could be one of the reasons that cause the cells to live 
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under cellular stress and develop disease symptoms. These developmental 
abnormalities may be the result of virus induced disruptions in host gene expression 
or proteins, plant hormone metabolism, or signaling pathways. 
 
1.1.1 Virus infection affected host gene expression and proteins 
The virus diverts a substantial amount of plant metabolites for the production of virus 
specific proteins and nucleic acids, and alters host gene expression to create a more 
favorable environment for infection. This diversion of resources and alterations in 
host gene expression profile can either cause significant changes in plant physiology 
and development thus leading to the onset of disease or initiate plant defense 
responses. The changes in plant gene expression reflect the ways that viruses 
generally and specifically interact with host cells (Golem & Culver, 2003; Huang et 
al., 2005; Maule et al., 2002).  
 
Over the past decade, a variety of techniques have been used to identify the host 
gene-expression changes that occur as a result of virus or viroid infection. 
Microarray-based studies of virus-host interactions have been utilized and differential 
expression of selected genes was validated by quantitative real-time polymerase chain 
reaction. Several genes have been identified in response to the virus infection, 
including genes involved in plant defense responses, regulation of the cell cycle, 
signal transduction, transcriptional regulators, stress response proteins [e.g., 
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Heat-shock proteins (HSP) and DNA-J] and ubiquitins (Alfenas-Zerbini et al., 2009). 
The altered expression of some host genes may be required for basic compatibility 
(Maule et al., 2002; Nagar et al., 1995). Other gene expression changes may be 
caused by interference with miRNA functions (Chapman et al., 2004; Dunoyer et al., 
2004a).  
 
Generic gene expression changes include induction of defense-related genes, such as 
pathogenesis-related (PR) genes and heat shock (HS) genes (Whitham et al., 2003). 
HSP perform diverse tasks in response to cellular stress as well as in normal growth 
and development, and diverse DNA and RNA viruses induce their expression almost 
ubiquitously in eukaryotic hosts. The expression of two heat-inducible genes 
encoding HSP70 and poly-ubiquitin was up-regulated at the beginning of virus 
replication (Aranda et al., 1996). The induction of HSP70 in plant cells in response to 
a viral pathogen was demonstrated by in situ hybridization in pea embryos (Escaler et 
al., 2000). Since then, microarray analyses of interactions between five different 
positive stranded RNA viruses and Arabidopsis leaves provided further evidence that 
the induction of HS genes in response to viral infection is indeed a common 
occurrence (Whitham et al., 2003). In concordance with several other plant and 
animal viruses, the increased expression of HSP represents a global response to viral 
infection rather than being specific of Tobacco etch virus (TEV) (Agudelo-Romero et 
al., 2008). In addition, a family of virus-induced HSP members including the small 
HSP, HSP70, HSP90, and HSP100 families of HSP has been identified. HSP70 and 
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HSP83 are also induced in N. benthamiana in response to the negative-strand RNA 
viruses, Sonchus yellow net virus (SYNV), and Impatiens necrotic spot virus (INSV). 
INSV, also induces the expression of small HSP and other HSP70 homologs (Senthil 
et al., 2005).  
 
Proteomics study can also be utilized to study differential expression of proteins due 
to virus infection. The comparison of 2-D gels from control and Tobacco mosaic virus  
(TMV)-infected but asymptomatic tomato fruits revealed changes in several proteins 
including peptidases, endoglucanase, chitinase and proteins participating in the 
ascorbate-glutathione cycle in infected fruits (Casado-Vela et al., 2006). 
 
1.1.2 Virus infection initiated plant response  
Incompatible plant-pathogen interactions result in the rapid cell death responses 
known as hypersensitive response (HR) and activation of host defense related genes 
(Shin et al., 2003). The HR precedes the systemic acquired response (SAR) and is 
characterized by necrotic lesions around the infection site; biochemical changes 
include generation of active oxygen species (oxidative burst) (Wojtaszek, 1997) by 
producing reactive oxygen species (ROS), superoxide anions, hydrogen peroxide, 
hydroxyl radicals and nitrous oxide (Baker & Baker, 1993). 
 
The HR is a complex, early defense response which is triggered by the plant when it 
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recognizes a pathogen. The identification of a pathogen typically occurs when 
avirulence gene products, secreted by a pathogen, bind to, or indirectly interact with 
the product of a plant resistance genes (R genes) (gene for gene model) (Damgaard, 
1999). For example, the viral helicase protein and a chloroplast protein are recognized 
by a plant immune receptor when TMV infects plants. Thus it was proposed that N's 
activation requires a pre-recognition complex containing the p50 effector and N 
receptor-interacting protein (Caplan et al., 2008). In addition, the systemic necrosis by 
Turnip mosaic virus (TuMV) in Arabidopsis was determined by the gene-for-gene 
interaction between TuNI and P3 using the protoplast system for direct verification 
(Kim et al., 2010). 
 
The ROS are partially reduced oxegen types that participate in development, hormone 
action, and in responses to biotic and abiotic stresses (Mittler, 2002). In plant cells, 
ROS, mainly H2O2, superoxide anion and hydroxyl radical are generated in the 
cytoplasm, chloroplasts, mitochondria and the apoplastic space (Bowler & Fluhr, 
2000). It was shown that synergistic infection induced a severe oxidative stress in N. 
benthamiana leaves, as judged by increases in lipid peroxidation and by the 
generation of superoxide radicals in chloroplasts, which correlated with the 
misregulation of antioxidative genes in microarray data (Garcia-Marcos et al., 2009). 
ROS also participate in signaling events that regulate ion channel activity (Foreman et 
al., 2003) and gene expression (Neill et al., 2002), affecting the rheological properties 
of cell walls (Cosgrove, 1999), and are also responsible for oxidative damage.  
 6 
 
The enzymes which are thought to play a role in ROS production include xanthine 
oxidase, NADPH oxidase, oxalate oxidase, peroxidases (prx), amine oxidases (copper 
containing and flavin containing). It has been presumed that enhancement of 
peroxidases contributed to the oxidative stress in systemic virus infected plants (Barna 
et al., 2003). These plant defense reactions in which Prxs are directly or indirectly 
involved, end with the signaling pathways, which regulate Prx gene expression during 
plant defense (Almagro et al., 2009). 
 
ROS might initiate lipid peroxidation chain reactions causing damage of structural 
membranes/cell necrosis and restriction of the pathogen. And antioxidant enzymes are 
also important for the virus infection. During or after lesion formation an 
up-regulation of several antioxidant enzymes around the infection sites can be 
observed. It was proposed that catalase may cause the symptom of chlorosis or 
necrosis (Takahashi et al., 1997). In addition, a diminished antioxidant capacity 
detectable in challenged cells prior to symptom expression might facilitate the 
accumulation of ROS, which might protect cells adjacent to lesions from radical 
induced damage (Fodor et al., 1997). The involvement of antioxidant enzyme 
activities in disease susceptibility was studied in two sunflower lines differing in the 
intensity and rate of development of Sunflower chlorotic mottle virus (SuCMoV) 
infections. It was suggested that increases in antioxidant enzyme activities interrupted 
the signals generated by the increase in ROS, which may have otherwise triggered 
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defense reactions in the host and thus, caused a compatible interaction (Matute et al., 
2005). Within the plant ROS can cause harmful modifications of several essential 
molecules, enzymes and structures. It is generally accepted that ROS generation plays 
an important role in virus resistance in incompatible reactions, participating in the 
development of the HR (Levine et al., 1994). ROS generated during HR also induce 
expression of defense-related genes, in addition to initiating the programmed cell 
death (PCD) that is associated with the HR.  
 
In contrast to HR, the generation of ROS during compatible virus-host interactions is 
sufficient neither for tissue collapse and restriction of the pathogen nor for the 
enhanced antioxidant capacities that inhibit local cell death. It was demonstrated that 
H2O2 accumulated locally and systemically in Cauliflower mosaic virus (CaMV) but 
not in mock-inoculated Arabidopsis thaliana. And H2O2 accumulation was abolished 
in NADPH oxidase rbohD and rbohF (rbohDF) double mutants and in two ethylene 
response mutants (etr1-1 and ein2-1 mutants), implicating NADPH oxidase and 
ethylene signaling in the generation and transduction of the response. These findings 
implicate the involvement of ROS and ethylene in signaling in response to CaMV 
infection (Love et al., 2005). Generation of ROS and the balance between increased 
oxidative stress and levels of antioxidants play an important role in development of 




1.1.3 Virus infection altered hormone metabolism 
Some of the disease symptoms caused by virus infection such as stunting, or 
developmental defects can be attributed to changes in nutrient uptake, reduction in 
carbon fixation or alterations in biosynthesis or activity of hormones. Hormones can 
be very important for the virus infection. CaMV infection in the etr1-1 and ein2-1 
mutants is significantly reduced. The result indicates that ethylene appears to play a 
role in regulating host susceptibility to CaMV (Geri et al., 2004).  
 
Auxin/indole acetic acid (Aux/IAA) is also important for virus infection. It was found 
that the replicase protein of TMV disrupted the localization and stability of interacting 
Aux/IAA proteins in Arabidopsis, altering auxin-mediated gene regulation and 
promoting disease development (Padmanabhan et al., 2005). In addition, the inability 
of the replicase protein to interact with specific Aux/IAA proteins is correlated with a 
significant reduction in virus accumulation. Thus it was speculated that the disruption 
of Aux/IAA by the virus functions as a means to reprogram the cellular environment 
of older cells to ones that are more compatible for virus replication and spread 
(Padmanabhan et al., 2008).  
 
Besides that the viral proteins interact directly with the hormone proteins, the viral 
proteins can also interfere with the hormones by interacting with other proteins. For 
example, the interaction of Rice dwarf virus (RDV) P2 protein and a rice ent-kaurene 
oxidase affect the biosynthesis of a gibberellic acid (GA) leading to stunting and leaf 
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darkening phenotypes, which are the characteristics of GA-deficient rice mutants 
symptoms. In addition, the interaction may decrease phytoalexin biosynthesis and 
subject plants to be more susceptible to virus infection (Zhu et al., 2005).  
 
Finally, plant hormone is involved in the production of ROS and affects virus 
replication or signaling pathway in the plant. It was shown that virus infection caused 
a marked change in metabolism of the cytokines, leading to a reduction in active 
forms and an increase in inactivated conjugate (Clarke et al., 1999). Moreover, plant 
hormones including dihydrozeatin, salicylic acid and jasmonic acid application can 
reduce White clover mosaic virus (WClMV) replication in P. vulgaris through 
affecting the activity of the anti-oxidase enzymes and this inhibition was operated at 
the dsRNA level (Clarke et al., 2002).  
 
1.1.4 Virus infection triggered plant defense mechanism 
In an incompatible relationship, the virus is unable to replicate within the host cell due 
to either the absence of a key host factor, or the host mounts a HR within the site of 
infection followed by systemic acquired resistance throughout the plant. This limits 
both the replication of the virus and tissue damage within the host. In the compatible 
relationship, the host plant will develop elaborate and effective defense mechanisms 
to prevent, or limit the damage due to the virus infection. For example, TMV-induced 
NO generation acts upstream and mediates alternative oxidase (AOX) induction, 
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which induce systemic defense of susceptible tomato (Solanum lycopersicum) plants 
to TMV infection (Fu et al., 2010). Other than the function of up-regulation of the 
defense-related genes or proteins, the plants also utilize other mechanisms including 
restriction of virus movement or RNA-silencing to defend virus infection. 
 
In order to restrict virus movement in the host plant cells, certain host proteins can be 
utilized to interact with the viral movement protein. For example, the MP30 
interacting protein (MPB2C) acts as a negative effector of TMV MP30 cell-to-cell 
transport activity (Kragler et al., 2003). The plant can also up-regulate certain genes 
to restrict the virus movement: Arabidopsis plants have a system to specifically 
restrict the long-distance movement of TEV by two dominant genes, restricted TEV 
movement 1 (RTM1) and restricted TEV movement 2 (RTM2). The 
RTM1/RTM2-mediated restriction was shown to be highly specific for TEV 
(Whitham et al., 2000). Later it was found that the components of the RTM system 
may function within phloem, and sieve elements in particular, to restrict TEV 
long-distance movement (Chisholm et al., 2001). The potyvirus CP N-terminal region 
determines the outcome of the interaction with the RTM-mediated resistance 
(Decroocq et al., 2009). 
 
RNA silencing is one of the key mechanisms used by plants to defend themselves 
against viral infection. In battling with viral infection, RNA-dependent RNA 
polymerases (RdRps) may assist in cutting the viral RNA genome template for the 
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production of double-stranded RNA (dsRNA) molecules. The RNase III-type enzyme 
DICER will cut the dsRNA viral sequences into duplex short-interfering RNA 
(siRNA) molecules. The duplex siRNA molecules are then unwounded and assembled 
into the host RNA-induced silencing complex (RISC), which uses these small RNA 
(sRNA) molecules as guides for targeting and cleaving complementary RNA 
molecules, such as viral genomes and transcripts (Bagasra & Prilliman, 2004; 
Carbonell et al., 2008). DICER can also produce other types of sRNA molecules, for 
example, micro RNAs (miRNA), trans-acting small-interfering RNAs (tasiRNAs) and 
natural-antisense transcript-derived small-interfering RNAs (nat-siRNA). Each sRNA 
is generated from a different source (e.g. endogenous genes, non-coding RNA 
precursors and overlapping transcripts) and is used by the RISC machinery for 
internal gene silencing during plant development (Tagami et al., 2007). In plants, 
miRNAs can inhibit gene expression by inducing target mRNA degradation or 
translation repression (Bartel, 2009; Voinnet, 2009). Artificial microRNA (amiRNA) 
has been shown to efficiently and specifically silence both single and multiple target 
genes by well-designed precursor sequences (Schwab et al., 2006).  
 
RNA silencing is a highly complex system, composed of numerous different proteins 
and processes (Azevedo et al., 2010). It is extremely efficient for controlling not only 
viral infection but also endogenous RNA expression during plant development and 
growth (Chen, 2009). In most cases, key determinants modulating virus effects on 
host physiology appear to be derived from the interaction of virus and host 
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components and not from general metabolic perturbations caused by the 
overproduction of viral components and competition for host resources.  
1.2 Virus-host interaction 
Virus-host interaction involve in the whole process of virus infection, including 
replication and translation within the host cells, locally spreading and long distance 
movement and suppression of the host defense.  
 
1.2.1 Virus-host interactions that coordinate replication or translation 
Viral replication depends on compatible interactions between a virus and its host. 
Several host translation machineries have been suggested to play essential roles in the 
replication and translation of viral RNAs in plants. For example, the translation 
eukaryotic initiation factor iso 4E [eIF(iso)4E] has been proved to interact with 
TuMV VPg, which may be needed for viral RNA translation and/or replication 
(Beauchemin et al., 2007). In addition, Eukaryotic translation elongation factor 1A 
(eEF1A) interacts with TMV RdRp directly without mediation by the 3'- untranslated 
region (UTR). The result indicates that eEF1A is a component of the virus replicase 
complex (RC) of TMV (Yamaji et al., 2006). Host proteins that interact with viral 
RdRp are believed to be involved in virus replication. It has been reported that a poly 
A binding protein (PABP) from a cucumber (Cucumis sativus L.) interacts with 
Zucchini yellow mosaic potyvirus (ZYMV) RdRp. Thus this interaction may 
implicate a role of host PABP in the potyviral infection process (Wang et al., 2000).  
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There are several host proteins that have been suggested to help virus replication 
through interaction with the viral proteins. For example, two host proteins (termed 
VAP27-1 and VAP27-2) colocalized with the C-terminal domain of Cowpea mosaic 
virus (CPMV) RNA1-encoded 60 kDa nucleotide-binding protein (60K) in 
CPMV-infected cowpea protoplasts. It was suggested that these host proteins may 
play a role in the viral replicative cycle (Carette et al., 2002). In addition, transient 
over-expression and transgene silencing of Nicotiana benthamiana PVX 
CP-interacting protein 1 (NbPCIP1) assay analysis indicated that NbPCIP1 plays a 
critical role in viral replication during PVX infection in host plant (Park et al., 2009). 
The virus has been shown to utilize the host proteins to target the viral proteins to the 
replication site through interaction. For example, rice glycolate oxidase (GOX) in 
peroxisomes may target RDV P8 into peroxisomes, which serve as replication sites 
for a number of viruses (Zhou et al., 2007).  
 
Chaperone proteins belong to another important class of proteins that assist virus 
replication. It was suggested that HSP can facilitate protein folding, and activating a 
HS response that might be a specific virus function ensuring proper synthesis of viral 
proteins and virions (Glotzer et al., 2000). The Hsc70 proteins or its homologues have 
been shown to be important in virus replication process. For example, Cucumber 
necrosis virus (CNV) replication is enhanced by two yeast homologues of HSP70 
chaperone protein, SSA1 and SSA2p (Serva & Nagy, 2006). In addition, Arabidopsis 
thaliana Hsc70-3 and TuMV RdRp are potentially integral components of the RC. 
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Hsc70-3 and PABP2 could have important roles to play in the regulation of potyviral 
RdRp functions (Dufresne et al., 2008). 
 
Plus-stranded RNA viruses replicate in infected cells by assembling RC consisting of 
viral- and host-coded proteins. Studies on Brome mosaic virus (BMV) have shown 
that a yeast homolog of an Escherichia. coli (E.coli) Dna J protein (thought to play a 
role in protein folding and translocation) is required for minus strand RNA synthesis 
(Tomita et al., 2003). According to the known chaperone properties of HSP70 
proteins, it seems plausible that these proteins may assist the assembly of the RC 
(Serva & Nagy, 2006). 
 
Besides chaperone proteins, there are also other proteins reported to assistant in the 
assembly of RC. The recruitment of seven ESCRT proteins (endosomal sorting 
complexes required for transport) is needed for the precise assembly of the RC of 
Tomato bushy stunt virus (TBSV), which might help the virus evade recognition by 
the host defense surveillance system and/or prevent viral RNA destruction by the gene 
silencing machinery (Barajas et al., 2009).   
 
1.2.2 Virus-host interactions that coordinate movement 
Because of the solid cell walls surrounded, unique spreading strategies that are 
usually different from the animal viruses must be employed by plant viruses for 
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inter-cells and inter-plants transmission. Usually transport through plasmodesmata is 
the preferred method for virions to move between plant cells. Plants need specialized 
mechanisms utilized by RNA viruses for transporting mRNAs through 
plasmodesmata. 
 
Usually plant viral movement protein (MP) facilitates cell-to-cell as well as 
long-distance transport within plants and influences viral pathogenicity. TMV MP can 
target to the plasmodesmata (McLean et al., 1995). Many host proteins interact with 
MP to facilitate virus movement in the plant. The ability of MP to facilitate the 
cell-to-cell spread of infection is tightly correlated with its interactions with 
microtubules, indicating that the microtubule system is involved in the transport of 
viral RNA (Boyko et al., 2000). In addition, MP interacts with EB1 in Arabidopsis 
and that this interaction may play a role in the associations of MP with the 
microtubule system during infection (Brandner et al., 2008). Furthermore, 
microtubule dynamics reduction confers a comparative advantage in face of TMV 
infection (Ouko et al., 2010). MP also interferes with kinesin motor activity in vitro, 
suggesting that microtubule-associated MP may interfere with kinesin-driven 
transport processes during infection (Ashby et al., 2006).  
 
Besides association with the micro-tubules, there is a study suggesting a functional 
relevance of the MP-chaperone interaction during viral transport and symptom 
induction (Krenz et al., 2010). Another identified protein is Arabidopsis 
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synaptotagmin SYTA, which can regulate endocytosis and directly bind to distinct 
Cabbage leaf curl virus (CaLCuV) and TMV MP (Lewis & Lazarowitz, 2010). The 
result suggested that distinct virus MPs transport their cargos to plasmodesmata for 
cell-to-cell spread via an endocytic recycling pathway (Lewis & Lazarowitz, 2010). 
 
The other viral proteins also showed their great importance in the virus movement by 
interacting with certain host proteins. For example, Tomato mosaic virus (ToMV) 
CP-interacting protein-L (IP-L) has been identified to interact with the ToMV CP in 
vitro and in vivo. The IP-L silenced plants developed a delayed systemic symptom at 
7 days post inoculation with ToMV, indicating that a high expression of IP-L was 
necessary for its interaction with ToMV CP to assist the viral transportation (Li et al., 
2005).  
 
1.2.3 Virus-host interaction that suppresses resistance of plant 
To counter the host defense response, viruses have developed suppressor proteins that 
can block or interfere with the host post-transcriptional gene silencing (PTGS) 
pathway. Many viral proteins play a very important role in the virus host interaction 
to suppress the defense of the host plant by the mechanism of RNA interference 
(RNAi).  
 
Because many viral silencing suppressors bind to short dsRNAs, it was suggested that 
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binding of ds siRNAs might represent a general silencing-suppression strategy in 
plant RNA viruses. The P19 suppressor of TBSV and Cucumber vein yellowing virus 
(CVYV) P1b target and interact with siRNAs directly, preventing them from being 
processed or incorporated into the RISC machinery (Lakatos et al., 2004). 
Nevertheless, recent evidence indicates that viral suppressors might also function by 
other means in the battle against plant defenses. For example, P38 of Turnip crinkle 
virus (TCV) can bind to dsRNA of various sizes compete with DICER-like 4 (DCL4), 
prohibitfrom binding to long viral dsRNA molecules (Thomas et al., 2003). Another 
example is the helper component-proteinase (HC-Pro) of TEV. It targets a PTGS 
maintenance (as opposed to an initiation or signaling) component by inhibiting the 
unwinding of siRNA duplexes and RISC assembly (Llave et al., 2000). In addition, 
P25 of PVX functions by blocking the silencing signal(s) from spreading from cell to 
cell and between tissues (Bayne et al., 2005). It was discovered that TCV P38 uses its 
glycine/tryptophane (GW) motifs to mimicry GW containing protein to compete for 
and inhibit in order to play as a hook to attract and disarm the host essential effector 
of RNA silencing (Jin & Zhu, 2010). 
 
There are certain viral proteins that interact with host protein and the interaction may 
function to suppress plant defense mechanism by interfering with the function of the 
host proteins, which are important for the defense responses. For example, the 
helicase domain of the TMV 126-/183-kDa replicase protein(s) interacts with the 
Arabidopsis thaliana NAC domain transcription factor ATAF2 to interfere its 
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function in reducing virus accumulation during virus infection. Thus it was suggested 
that the replicase-ATAF2 interaction suppresses basal host defenses as a means to 
promote systemic virus accumulation (Wang et al., 2009).  
 
Some of these viral proteins display multiple effects on both endogenous and 
exogenous silencing, not only in a suppressive but also in an enhancive manner in 
order to maintain a subtle equilibrium between defense and counter-defense 
mechanisms, and to ensure efficient virus multiplication and the preservation of host 
integrity. P1 proteins encoded by the Rice yellow mottle virus (RYMV) is one of the 
examples (Lacombe et al., 2009). 
 
1.3 Protein-protein interaction study 
Protein-protein interactions are the critical part in the process of the virus-host 
interaction. It involves not only the direct binding of protein molecules but also longer 
range of interactions through the electrolyte. Protein-protein interactions are at the 
core of the entire interactomics system of any living cell. And the interaction between 
the viral proteins and selected plant proteins is critical for most processes during viral 
infections. Therefore, demonstrating direct interaction between viral and host proteins 
has been a major objective in plant virology. The methods to study protein-protein 
interactions are described in the following sub-sections. 
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1.3.1 Yeast Two-Hybrid (Y2H) Screening 
One of the rapid and economical approaches for direct protein interactions is the Y2H 
study. The Y2H approach has been used extensively by thousands of laboratories 
since the early 1990s to dissect signaling pathways and define numerous viral-host 
protein interactions. The premise of the experiment is that the binding of the 
transcription factor onto an upstream activating sequence (UAS) is able to activate the 
downstream reporter gene(s). The transcription factor is divided into activating 
domain (AD) and binding domain (BD) and it is activated only when the two domains 
meet each other in the yeast cells. The two proteins for interaction study are separately 
fused to the above two domains. If there is interaction of the two proteins, the 
transcription factor will be activated and thus the downstream reporter gene will be 
transcribed.  
 
The Y2H study can be used to identify binding partners of a protein from the cDNA 
libraries in an unbiased manner. The studies using Y2H screens have led to key 
discoveries based on the Y2H approach, reviewed in Table 1.1. Two-hybrid study is 
the molecular biology technique used to study protein-protein interactions by 
examining the physical interactions (such as binding) between two proteins. The Y2H 
assay has been used to study virus-host interactions against plant virus movement, 
silencing suppressor, RNA encapsidation, and host responses (reviewed in Table 1.2). 
 
The Y2H assay has also been applied to show interactions between viral replication  
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Table 1.1 Two hybrid screening for interaction between viral proteins and host 
proteins and the significance of the interaction 
 
Virus protein Host protein Significance Reference 
Tomato bushy stunt virus  
movement protein 
 
A novel plant 
homeodomain protein 
Virus movement (Desvoyes et al., 
2002) 
 
Potato virus X 
TGB12K 
TGB12K-interacting 










RING finger protein 
(HIP1) 
Not clear (Guo et al., 2003) 
Potato virus Y  
capsid protein 
host DnaJ-like proteins Potato virus Y 
infection 
(Hofius et al., 
2007) 
 
Plum pox virus  
CI 
plum pox virus CI 
-interacting protein 
negative effect in 
virus infection 
(Jimenez et al., 
2006) 
Brome mosaic virus  
coat protein 




infection of barley 
(Okinaka et al., 
2003) 
 




eIF4E provides a 
positive effect on 
genome amplification 
(Schaad et al., 
2000) 
 
Cowpea mosaic virus 
„60K‟ protein 
VAP27-1 and VAP27-2 the viral replicative 
cycle 




Tomato yellow leaf curl 
Sardinia virus 
(TYLCSV) encodes a 
protein, REn, 
proliferating cell 
nuclear antigen (PCNA) 
of Arabidopsis thaliana 
inducing the 
assembly of the plant 
replication complex  
Castillo et al., 2003 
 
Tomato golden mosaic 
virus (TGMV) and 
Tomato yellow leaf curl 
Sardinia virus 
(TYLCSV) encoded  








(Castillo et al., 
2004) 
 
ToMV coat protein   IP-L  Facilitates the 
long-distance 
movement of virus 









protein kinase Tcoi2 
phosphorylating MT 
domain of CMV 1a 
protein. 
(Kim et al., 2006) 
potyvirus NIa-Vpg  translation eukaryotic 
initiation factor iso 4E 
eIF4E provides a 
positive effect on 
genome amplification 
(Schaad et al., 
2000) 
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 Table 1.2 Y2H method used to study interacting partners of viral proteins 
 
Virus protein Host protein Significance Reference 
virus genome-linked 
protein VPg 






(Dunoyer et al., 2004b) 
viral protein linked to 
the genome of Turnip 
mosaic virus 
precursors of VPg 
translation eukaryotic 
initiation factor iso 4E 
in planta 
 
viral RNA translation 
and/or replication 
(Beauchemin et al., 
2007) 
Indian mung bean 
yellow mosaic virus  
Rep protein 





(Bagewadi et al., 2004) 
 geminivirus 








Tobacco mosaic virus 
helicase domain 
ATP-bound resistance 
protein, N factor 
hypersensitive response (Ueda et al., 2006) 
helicase domain of 
tobamovirus-encoded 
replication proteins 
TOM1 participates in the in 
vivo formation of the 
replication complex by 
serving as a membrane 
anchor 
(Yamanaka et al., 
2000) 
Tomato mosaic virus 
movement protein 





(Yoshioka et al., 2004) 
TMV RdRp host translation 
elongation factor 1A  
involve with the virus 
replication complex of 
TMV 
(Yamaji et al., 2006) 
 















A host RNA 
helicase-like protein, 
AtRH8 
essential for infection 





proteins critical for the assembly of the viral RC for many plant (+) RNA viruses 
(O'Reilly et al., 1998). Examples include interactions between BMV 1a-2apol and 
1a-1a, TBSV p33-p92pol and p33-p33 (Rajendran & Nagy, 2004), and TMV 
126K-183K, and 126K-126K (Goregaoker et al., 2001), as well as the P1-P2 proteins 
of Alfalfa mosaic virus (AMV) (Van Der Heijden et al., 2001). 
1.3.2 Other methods to study protein-protein interaction 
There are several alternative methods to study protein-protein interaction. Each of the 
approaches has its own strengths and weaknesses, especially with regard to the 
sensitivity and specificity of the method.  
 
Co-immunoprecipitation (Co-IP) is considered to be the gold standard assay for 
protein-protein interactions, especially when it is performed with endogenous (not 
overexpressed and not tagged) proteins. The protein of interest is isolated with a 
specific antibody and interaction partners which bind to this protein are subsequently 
identified by western blot. Thus interactions detected by this approach are considered 
to be accurate. However, this method is not a screening approach because it can only 
verify interactions between suspected interacting partners. And it is worthy to be 
noted that Co-IP experiments reveal that two proteins interact directly or may interact 
via a bridging protein. Moreover, this experiment also requires the antibody of the 
proteins so that it cannot be used to study interactions of the proteins without antibody. 
Co-IP has been utilized to study the virus-host interactions involving virus movement, 
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replication, host defense and others (Akamatsu et al., 2007; Dufresne et al., 2008; 
Fang et al., 2009; Lu et al., 2009; Ozeki et al., 2009; Wang et al., 2009; Wetzel et al., 
2008). 
 
Bimolecular fluorescence complementation (BiFC) is a new technique for direct 
visualization of protein-protein interactions in vivo. It is based on the association of 
fluorescent protein fragments that are attached to components of the same 
macromolecular complex. Such interactions can be visualized in living cells, 
eliminating potential artifacts associated with cell lysis or fixation. It can also enable 
observation of the sub-cellular localizations of protein interactions. However, this 
method will cause slow, irreversible formation of fluorescent complex thus can not be 
used for time course study. The association of fragments of fluorescent protein does 
not require specific distance between interacting partners but does require that the 
linkers that tether them to the interaction partners have sufficient flexibility to enable 
them to associate. BiFC has been widely used to visualize the protein-protein 
interaction in the plant cells and also make it possible to identify the sub-cellular 
colocalization of the two proteins (Beauchemin et al., 2007; Cho et al., 2008; 
Genoves et al., 2009; Krenz et al., 2010; Zamyatnin et al., 2006). 
 
Affinity chromatography (i.e., affinity purification) methodologies greatly enhance 
the speed and efficiency of protein purification and simultaneously provide the 
technology platform for performing a pull-down, or co-purification, of potential 
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binding partners. This method can be used to screen for interacting proteins from a 
protein mixture (Miyoshi et al., 2006; Rajendran & Nagy, 2006). In a pull-down assay, 
a tagged bait protein is captured on an immobilized affinity ligand specific for the tag, 
thereby generating a „secondary affinity support‟ for purifying other proteins that 
interact with the bait protein. The secondary affinity support of immobilized bait can 
be incubated with a variety of other protein sources that contain putative prey proteins. 
The source of prey protein at this step depends on whether the researcher is 
confirming previously suspected protein-protein interactions or identifying unknown 
protein: protein interactions. 
 
Pull-down assays are a form of affinity purification and are very similar to 
immuno-precipitation except that a bait protein is used instead of an antibody. This 
approach is a common variation of immunoprecipitation and immunoelectrophoresis 
and it is more amenable to an initial screening for interacting proteins. Usually the 
fusion proteins with a tag can be overexpressed in E.coli and purified. But in vitro 
translation of the protein can be used if the protein can not be expressed and purified. 
Thus this technique can be used for interaction study of proteins without antibody, and 
it makes it quite easier to identify the domains critical for interaction (Ohnesorge & 
Bejarano, 2009; Pathak et al., 2008). 
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Tandem affinity purification (TAP) method allows high throughput identification of 
protein interactions. In contrast to Y2H approach, the accuracy of the method is 
comparable to those of small-scale experiments (Hogg & Collins, 2007) and the 
interactions are detected within the correct cellular environment as by 
co-immunoprecipitation. However, the TAP tag method requires two successive steps 
of protein purification and consequently it can not readily detect transient 
protein-protein interactions. Recently, genome-wide TAP experiments were 
performed (Krogan et al., 2006).  
 
Besides the techniques described above, there are still other methods to study 
protein-protein interactions in vitro, such as surface plasmon resonance and 
isothermal titration calorimetry (ITC). These techniques have also been widely used 
to study the protein-protein interactions in the plant virus study (Rajendran & Nagy, 
2006; 2008). Due to the reason that every technique has its own drawback and 
benefits, usually the interaction can not be confirmed unless three of the above 
methods were selected and used together. 
 
Once the interactions of the proteins have been confirmed, there is still much 
information lacking regarding to the effects of each protein in triggering host 
responses and the signaling networks that are involved. In addition, for most viral 
proteins, the mechanisms of the interaction between different host proteins and viral 
proteins and the meaning of the interaction during the virus infection still remain  
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unknown and need to be paid more attentions. 
 
1.4 Virus-induced silencing of genes in plant 
Recently RNA silencing has emerged as one of the most powerful techniques in plant 
functional genomics to study the function of certain genes in the virus infection 
processes. It down regulates gene expression at the post-transcriptional level through 
small RNAs, referred as silencing RNAs. The silencing RNA act in a 
sequence-specific manner to target mRNA for degradation or to inhibit translation. 
Techniques using silencing RNA including siRNAs and miRNAs have been 
developed to knockdown gene expression in plants (Chen, 2009; Reinhart & Bartel, 
2002; Sasaya et al., 2004; Tenllado et al., 2004).  
 
Virus-induced gene silencing (VIGS) is a siRNA-mediated silencing approach and 
uses viral vectors carrying a fragment of a gene of interest to generate long dsRNAs 
which are then processed by DICER to produce siRNAs for the silencing of the target 
gene. This siRNA-mediated VIGS, dubbed as “SIR VIGS”, has been exploited as an 
effective and rapid gene “knockdown” technology and widely used to define gene 
functions (Robertson, 2004). This technique avoids stable plant transformation and 
virus-induced silencing phenotypes can be readily observed within three to four 
weeks (Godge et al., 2008). In recent years, methods have been developed for 
induction of miRNA-mediated gene silencing and for functional analyses of miRNAs 
in plants. 
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1.5 The functions of viral coat protein in virus infection and virus-host 
interaction 
The CPs of all plant viruses have an early function in disassembly of parental virus 
and a late function in assembly of progeny virus. The CP may interact with itself and 
only certain domain(s) of the CP is critical for the interaction and virus assembly. For 
example, it was identified that N-terminal 26 amino acids and especially F13 of 
Papaya mosaic virus (PapMV) CP is important for the interaction between the 
subunits in self-assembly into nucleocapsid-like particles (NLPs) (Laliberte Gagne et 
al., 2008). 
 
Due to the large amount of virus accumulated in the plant cells, the virus coat protein 
may interact with certain host proteins thus disrupting the host physiology. 
Accumulation of TMV CP in chloroplasts of systemically infected leaves may affect 
photosynthesis by inhibiting
 
photosystem II activity (Reinero & Beachy, 1989). In 
addition, the interaction between ToMV CP and IP-L may affect the function and 
stability of chloroplast and thus leading to chlorosis (Zhang et al., 2008). 
 
The virus CP can also be important for the virus virulence and eliciting plant defense 
responses. TMV CP is important for the virulence of the infection (Bendahmane et al., 
2007). The potyvirus CP N-terminal region determines the outcome of the interaction 
with the RTM-mediated resistance (Decroocq et al., 2009). In addition, the 
TCV-interacting protein (TIP) (Ren et al., 2000) is believed to be a transcription 
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factor that regulates defense responses in Arabidopsis thaliana (Ren et al., 2005). 
The viral CP can assist translation of the viral RNAs. Such as that the AMV CP is 
involved in translation of viral RNAs (Krab et al., 2005). Some viral CP can also 
assist the replication of the viral RNAs. The strong interaction between Rep and CP of 
the geminivirus Mung bean yellow mosaic India virus is important in controlling 
geminiviral DNA replication (Malik et al., 2005). In addition, TMV CP-mediated 
resistance is correlated with a shift in intracellular equilibrium of CP aggregates, 
which interfere with virus replication (Asurmendi et al., 2007). 
 
The virus CP can also assist the short and long distance movement of the virus. Such 
as that ToMV CP-interacting protein is necessary to assist virus long-distance 
movement (Li et al., 2005). Prunus necrotic ringspot virus (PNRSV) CP  plays a 
critical role in the cell-to-cell transport by interacting with MPs (Aparicio et al., 
2010). 
 
The virus CP has also been reported to play important roles in the cross protection, 
virus transmission, symptom modulation and gene silencing suppression. Transgenic 
corn plants expressing Maize dwarf mosaic virus (MDMV) strain B CP are resistant 
to mixed infections of MDMV and Maize chlorotic mottle virus (MCMV) (Murry et 
al., 1993). TCV CP is involved in symptom modulation by sat-RNA C and functions 
as a silencing suppressor (Manfre & Simon, 2008). Recently, the interaction of 
Soybean mosaic virus (SMV) CP and HC-Pro is showed to be involved in the aphid 
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transmission of the virus (Seo et al., 2010). 
According to the results of the above studies, the interaction between virus CP and 
host proteins can either promote or prevent virus infection and movement in the host 
plants. Thus study on the interactions between CP and host proteins can provide very 
important clue for the research on the CP mediated functions of the virus. 
 
1.6 Studies on HCRSV and HCRSV CP 
1.6.1 HCRSV 
HCRSV belongs to Camovirus family. HCRSV infection can cause severe disease 
symptoms and stunted growth on kenaf. HCRSV has a positive sense single-strand 
RNA (3911 nt) encapsidated into an icosahedral capsid of 28 nm diameter. Its RNA 
encodes 7 open reading frames (ORFs) expressed from the genomic and two 
subgenomic RNAs; among these 7 ORFs, p23 and p27 represent two new ORFs 
(Huang et al., 2000). A protoplast system was successfully developed in kenaf for 
investigating HCRSV gene function and gene regulation (Liang et al., 2002b). The 
5‟-proximal ORF and its amber terminator read-through encodes RdRp which is 
involved in viral replication; using purified RdRp from HCRSV infected kenaf plant, 
an in vitro replication system was established and used to dissect the viral replication 
pathway. It was found that the specific sequence CCC at the 3' terminus and the two 
stem-loop structures located in the 3' untranslated region (3' UTR) are essential for 
efficient minus-strand synthesis of HCRSV (Wang & Wong, 2004). In another 
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experiment using an in vitro translation system, the 3' UTR of HCRSV significantly 
enhanced the translation of several open reading frames on gRNA and sgRNA and a 
six-nucleotide segment (GGGCAG) within the 3' UTR of HCRSV plays an essential 
role in translational enhancement (Koh et al., 2002). Anonymous site mutations 
showed that p23 is indispensable for host specific viral replication (Liang et al., 
2002b). The p27 and the co-termination p25 and p22.5 were present in the in vitro 
translation system, although the presence of these proteins in its natural host still 
needs to be clarified. Through an in vitro translation system, it was showed that the 
CUG start codon of p27 regulates the expression of p38 (CP). It is proposed that p27 
is a determinant of symptom severity, and p25 is probably involved in virus systemic 
movement. Mutations disrupting expression of p22.5 did not affect symptoms or virus 






Figure 1.1. Schematic representation of HCRSV genome organization 
 
The p28 and p81 encode the putative RNA-dependent RNA polymerase, the p8 and 
p9 encode the putative movement proteins, the p38 encodes the coat protein which 
makes up the capsid of the virus. Both p23 and p27 are two new ORFS. sgRNA1 and 




Hibiscus cannabinus L. (kenaf) is an annual or biennial herbaceous plant which can 
grow up to 4 m high. Kenaf is cultivated in China, Malaysia, Indonesia and the United 
States of America.   
 
Kenaf produces non-wood natural fibers that can be made into ropes and papers 
through a greener process that requires less energy. As kenaf can produce the same 
amount of fibers without cutting woods, and hence reducing the damage of 
deforestation to the climate changes begin to draw more attention to scientists and 
companies. Kenaf has been identified as an ideal plant to produce cellulose ethanol, 
which is a form of bio-fuel. 
1.6.3 Interaction studies on HCRSV CP 
HCRSV CP is important not only for the virus infectivity but also for its function in 
suppressing the gene-silencing of the plant. Mutation of eight site-specific amino 
acids in HCRSV CP rendered the virus avirulent in kenaf plants. But the mutant virus 
was able to accumulate in kenaf protoplasts (Liang et al., 2002a), indicating that the 
complete HCRSV CP is involved in pathogenicity. It was reported that HCRSV CP 
was a gene-silencing suppressor because of the result that HCRSV CP could suppress 
PTGS induced by transiently expressed sense-RNA in the GFP transgenic Nicotiana 
benthamiana agro-infiltration system (Meng et al., 2006).  
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Tandem affinity purification (TAP) method has been used to find out CP-interacting 
proteins but failed, due to the aggregation of CP itself so that the amount of the CP 
decreased during the affinity process. Affinity purification method was used and L10a 
was identified to bind to CP in vitro. 
 
1.7 Rationales and objectives of this project 
Even though the above results may indicate the important functions of the HCRSV 
CP, whether there are other CP mediated functions is not known. The detail 
mechanisms underlying its functions are yet to be studied. It is reasonable to propose 
that the HCRSV CP performs its functions through interaction with host proteins or 
RNAs. In view of the studies on HCRSV CP in section 1.7.3, only L10a has been 
identified as interacting with HCRSV CP by affinity chromatography method. Thus, 
identification of HCRSV CP interacting proteins may be the initial and basic step to 
learn about the importance of CP in the virus infection or virus-host interactions. In 
this study, the overall objective is to construct kenaf cDNA library and identify 
CP-interacting proteins by Y2H studies. Y2H study is a powerful method for large 
scale screening of prey proteins, by which the full-length or partial sequence of 
identified proteins can be sequenced and cloned. It is also necessary to use other 
methods like pull-down assay, Co-IP and BiFC to confirm the interaction due to the 
limitation of Y2H. Due to the reason that there is no specific HcSO antibody, pull 
down assay and BiFC were selected to prove the interaction. The disruption of the 
interaction or silencing of the host proteins later will show the importance of the host 
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proteins in assisting or preventing virus replication or movement. 
 
The specific objectives of the research are: 
 
1. To construct kenaf cDNA library and screen for the interacting proteins by CP 
through Y2H system. And to identify the sequences of the putative proteins and 
clone the cDNAs into their expressing vectors. 
 
2. To confirm the co-localization of HCRSV coat protein and host proteins 
including plant sulfite oxidase (PSO) by BiFC and pull down assays.  
 
3. To compare the mRNA level and protein level of the CP interacting proteins 
between mock and HCRSV infected kenaf plants to check whether they are 
altered in response to HCRSV infection. 
 
4. To explore the function(s) of protein complex comprised of both HCRSV CP      
and host proteins. 
 
In this project, we have identified a few putative proteins that can interact with 
HCRSV CP in kenaf including PSO, C2 domain containing protein, pathogenesis 
related protein, chaperon, glycosidase, carbohydrate for the first time (CHAPTER 3). 
The identified proteins can be selected and the interactions can be identified further. 
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However, due to time limitation, the main emphasis in this thesis is placed on the 
interaction study of HCRSV CP and SO (CHAPTER 4). The ribosomal protein L10A 
which was identified previously was also further studied and its function during virus 
infection was discussed (CHAPTER 5). 
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CHAPTER 2  
General materials and methods 
 
2.1 Media and buffers 
Commonly used media and buffers are shown in Appendix 1. 
 
2.2 Plant materials and inoculation 
2.2.1 Plant materials and growth conditions 
Kenaf seedlings (2-weeks old) were grown in the plant growth room under the 




2.2.2 Plant inoculation 
Plants were infected by mechanical inoculation. When the plant is approximately 1 
week old, the youngest fully expanded leaves of the plants were dusted with 
carborundum and inoculated with the different inocula diluted in 10 mM NaPO4 (pH 
7.2). About 3 μg of the in vitro transcription products of HCRSV were inoculated 
onto one leaf. At appropriate times after inoculation (as stated in the text of different 
sections), leaves were grounded in liquid nitrogen for plant RNA extraction. 
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2.3 Molecular cloning 
2.3.1 Polymerase chain reaction (PCR) 
PCR was set up for 50 μl of volume in a 0.5 ml micro-centrifuge PCR tube as follows: 
1X enzyme buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 1 μM of each primer, 1.25 
units of polymerase and 10 ng/μl of DNA template. Amplification was performed in 
an Applied Biosystems GeneAmp PCR System 9700 using specific programs 
according to different reactions. PCR products were examined afterwards by 0.8% 
agarose gel electrophoresis. 
 
2.3.2 Purification of PCR fragments and DNA fragments from agarose gel 
The amplified PCR product was separated in 0.8% agarose gel. The specific band was 
cut from the gel under long wavelength UV light, and was purified directly by 
QIAGEN Gel Extraction Kit according to the manufacturer‟s instructions. 
 
2.3.3 Ligation of DNA inserts into plasmid vectors 
For ligation of PCR fragments into pGEM-T easy vector, the ligation reaction was set 
up according to the manufacturer‟s instructions and incubated at room temperature for 
1 h or at 4 °C for overnight. After the plasmid vectors and DNA fragments were 
digested with suitable enzymes and purified, ligation reaction was set up to 10 μl of 
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volume in a 1.5 ml micro-centrifuge tube as follows: 1X reaction buffer, molar ratio 
of DNA insert to vector is 3:1, 2 units of T4 DNA ligase (Promega). The reaction was 
incubated at 4 °C for overnight. 
 
2.3.4 Preparation of competent E. coli 
Competent cells of DH5α were prepared. Briefly, a single colony from freshly 
streaked plate was inoculated into 2 ml Luria-Bertani (LB) medium and incubated 
overnight at 37 °C with vigorous shaking (220 rpm). The above 2 ml culture was 
sub-cultured into 100 ml of LB medium in a 500 ml flask and grown to an OD 600 of 
0.6-0.8 at 37 °C with vigorous shaking. After the flask was placed on ice for 10 min, 
the culture was transferred to a 50 ml falcon tube and spun at 4000 rpm for 10 min at 
4 °C. The pellet was resuspended in 50 ml of ice-cold 0.1 M CaCl2 and incubated in 
an ice bath for 10 min, and spun down as above. The cell pellet was gently 
resuspended in 5 ml of 0.1 M CaCl2 with 15% glycerol added with gentle swirling. 
After incubating on ice for 10 min, the cell suspension was dispensed into pre-chilled 
tubes and immediately frozen by liquid nitrogen. The frozen competent cells were 
kept in -80 °C. 
 
2.3.5 Transformation of bacteria with plasmids 
Competent cells were thawed on ice and 10-100 ng of DNA or 5 µl of the ligation 
reaction was mixed gently with the competent cells. The mixture was incubated on ice 
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for 30 min, and subsequently to heat shock at 42 °C for 90 sec and chilled on ice for 3 
min. The cells were cultured in 1ml LB medium at 37 °C for 45 min with shaking at 
200 rpm. About 100 µl of the transformation mix was plated onto selection plates 
with appropriate antibiotics. 
 
2.3.6 Plasmid purification from E. coli 
Single bacterial colonies were inoculated into 2 ml of LB medium with appropriate 
antibiotics. The cultures were incubated at 37 °C with vigorous shaking for 16 hr. 
About 1.5 ml of the overnight cultures were transferred into a micro centrifuge tube 
and centrifuged at 12,000g for 5 min followed by purification of plasmids with the 
QIAGEN QIAprep Miniprep Kit, according to the manufacturer‟s instructions. 
 
2.3.7 DNA sequencing 
Sequencing reaction was set up for 10 μl of volume containing 0.25 μg of DNA 
template, 1.6 pmol of primer, and 4 μl of BigDye terminator reaction mixture (ABI 
PRISM TM Dye terminator Cycle Sequencing Ready Reaction Kit). The sequencing 
was performed on the GeneAmp PCR as follows: 25 cycles of 96 °C for 10 sec, 50 °C 
for 5 sec, 60 °C for 4 min; rapid thermal ramp to 4 °C and hold. The reaction was 
purified by ethanol precipitation and the DNA sequences were determined by ABI 





2.4 Y2H study 
2.4.1 Preparation of yeast competent cells (LiAC method)  
A small portion of frozen yeast stock (AH109 or Y187) was streaked onto an YPDA 
agar plate. The plate was incubated upside down at 30 °C until colonies appear (~ 3 
days). Each colony (< 4 weeks old, 2-3 mm in diameter) was inoculated into 3 ml of 
YPDA medium in a sterile, 15-ml centrifuge tube. The culture was incubated at 30 °C 
with shaking for 8 hr and 5 µl of the culture was then transferred to a 250 ml flask 
containing 50 ml of YPDA. The flask was incubated at 30 °C with shaking at 
230–250 rpm for 16–20 hr. When the OD 600 of the culture reached 0.15–0.3, it was 
centrifuged at 700g for 5 min at room temperature. The supernatant was discarded and 
the cell pellet was re-suspended in 100 ml of YPDA and cultured until the OD 600 
reached 0.4-0.5. The cells were centrifuged at 700g for 5 min at room temperature. 
The cell pellet was resuspended in 60 ml of sterile, de-ionized H2O. After centrifuged 
at 700g for 5 min at room temperature, the cells were resuspended in 3 ml of 1.1X 
TE/LiAc Solution (11% of 10X TE Buffer and 11% of 1 M LiAc). The resuspension 
was splited between two 1.5 ml microcentrifuge tubes and centrifuged at high speed 
for 15 sec. The cell pellet was resuspended in 600 µl of 1.1X TE/LiAc Solution. This 
resuspension is the yeast competent cell. 
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2.4.2 Transformation of plasmids into the yeast cells 
Before the transformation, the desired amount of Herring DNA was transferred to a 
microcentrifuge tube and heated at 100 °C for 5 min and then chilled on ice bath. This 
was repeated once more before the DNA was added to the reaction tube. 
The transformation was assembled in a sterile, pre-chilled, 1.5 ml tube combining 
with the following: 0.1 µg plasmid DNA, 5 µl denatured Herring Testes Carrier DNA, 
and 50 µl of competent cells. The mixture was gently mixed by vortexing and then 
added with 0.5 ml PEG/LiAc Solution (8 ml of 50% PEG 3350, 1 ml of 10X TE 
Buffer, 1 ml of 1 M 10X LiAc). After the mixture was mixed thoroughly, it was 
incubated at 30 °C for 30 min with cells mixed every 10 min. Later 20 µl DMSO was 
added in and mixed. The tube was placed in a 42 °C water bath for 15 min (with 
gentle vortexing every 5 min). For small-scale reactions, the cells were centrifuged at 
high speed in a micro-centrifuge tube for 15 sec. For library-scale reactions, the cells 
were centrifuged at 700g for 5 min. The cell pellet was then resuspended in 1 ml [3 ml] 
of YPD plus liquid medium. The resuspension was incubated at 30 °C with shaking 
for 90 min (not need for small scale transformations). The yeast cells were then 
centrifuged and resuspended in 1ml [15 ml] of 0.9% (w/v) NaCl solution and poured 
onto the selection plate. 
 
2.4.3 Purification of plasmids from yeast cells 
One colony was picked and cultured in 5 ml SD medium. The culture was incubated 
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at 30 °C for 20-24 hr. About 3 ml of the culture was centrifuged twice into one 1.5 ml 
centrifugation tube. The cell pellet was mixed with 400 µl YPEB (100 mM NaCl, 10 
mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1% SDS) and the same volume of glass beeds 
(0.45 mm) by votexing for 2 min and added with 400 µl phenol/chloroform. The 
supernatant was added with 2X volume of 100% ethanol and 20 µl 10 M NH4COOH, 
and kept at -70 °C for one hour. The mixture was centrifuged at 13000 rpm at 4 °C for 
10 min and washed by 80% ethanol, and dried. The DNA was dissolved in 20 µl H2O.  
 
2.5 In vitro transcription of DNA with T7/T3 RNA polymerases 
2.5.1 Preparation of infectious transcripts 
The infectious transcription was set up for 20 µl of volume as follows: 4 µl of 5X T7 
transcription buffer, 6 µl of rNTPs (25 mM/each), 2 µl of T7 enzyme mix (Promega) 
and 1 µg of linear DNA template. The reaction was gently mixed and incubated at 
37 °C for 2-4 h. The DNA template was digested with RNase-free DNase, at a 
concentration of 1 unit per µg of template DNA, at 37 °C for 15 min following 
transcription. One volume of TE-saturated phenol: chloroform: isoamyl alcohol was 
added to the reaction and mixed thoroughly by vortexing for 1 min and spun at 
12,000g for 2 min. The supernatant was further extracted with 1 volume of 
chloroform: isoamyl alcohol. The mixture was vortexed for 1 min and spun at 
12,000g for 2 min. The aqueous phase was precipitated with 0.1X volume of 3 M 
sodium acetate and 1X volume of isopropanol. The mixture was incubated on ice for 
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5 min and spun at 12,000g for 10 min. The transcripts were dried and dissolved in 
H2O then. 
2.5.2 Inoculation of in vitro transcription product onto true leaves 
About 10 µg of the in vitro transcription product was inoculated onto the 
carborundum-dusted first two 2-week-old true leaves. After inoculation, RO water 
was used to rinse out the dust and the plants were kept in dark overnight. The plants 
were taken out the next day and grown under light. 
 
2.6 Analysis of RNA from plants 
2.6.1 Isolation of total RNA from plants 
Total RNAs were isolated from plants as described by Li et al. (1999). Briefly, leaves 
(0.1-1 g) were grounded into powder in liquid nitrogen. The powder was transferred 
to a 2 ml micro-centrifuge tube containing 1 ml TRIzol
® 
Reagent. The homogenized 
samples were incubated for 5 minutes at 15 to 30 °C to permit the complete 
dissociation of nucleoprotein complexes followed by adding 0.2 ml of chloroform per 
ml TRIzol
® 
Reagent. The tubes were shook vigorously by hand for 15 seconds and 
incubated at 15 to 30 °C for 2 to 3 min. The samples were centrifuged at no more than 
12,000g for 15 min at 2 to 8 °C. Following centrifugation, the aqueous phase, where 
RNA remains exclusively, was transferred to a fresh tube. RNA was precipitated from 
the aqueous phase by mixing with isopropyl alcohol. About 0.5 ml of isopropyl 
alcohol was used when 1 ml of TRIzol
® 
Reagent was used for the initial 
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homogenization. Samples were incubated at 15 to 30 °C for 10 min and centrifuged at 
no more than 12,000g for 10 min at 2 to 8 °C. Later the supernatant was removed and 
the RNA pellet was washed once with 75% ethanol. The sample was mixed by 
vortexing and centrifugation at no more than 7,500g for 5 minutes at 2 to 8 °C. At the 
end of the procedure, the RNA pellet was briefly dried (air-dry for 5-10 min) and 
dissolved in RNase-free water. 
 
2.6.2 Real-time PCR 
For each reaction, kenaf total RNA was reverse-transcribed with an iScript cDNA 
synthesis kit (Invitrogen) using modified MMLV-derived reverse transcriptase 
(Bio-Rad), and a blend of oligo (dT) or gene specific primers according to the 
manufacturer‟s instructions. Quantitative RT-PCR reactions contained 1:10 (v/v) 
first-strand cDNA as template, specific primers (Supplementary Table 1) and 
iQ_SYBR_Green super mix (ABi) in a final volume of 10 µl. Amplification was 
performed for 40 cycles, consisting of initial preheating at 95 ºC for 3 min, 20 sec at 
95 ºC, 20 sec at 65 ºC and 30 sec at 72 ºC. Fluorescence increments of each reaction 
were simultaneously monitored using a Spectrum 48 real time cycler (ESCO). To 
normalize the RT-PCR, one endogenous reference gene (18S rRNA) was used in each 
experiment. Results were expressed as a threshold cycle (Ct) value. Each RNA 
sample was assayed in triplicate and their Ct values were averaged. These averaged 
values for the triplicates were used in all subsequent calculations. Gene expression 
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was normalized to that of the 18S rRNA by subtracting the Ct value of the 18S rRNA 
from the Ct value of the HcSO mRNA to give ΔCt. Standard deviation for the ΔCt 
was calculated. The ΔCt value of the HCRSV infected samples were then subtracted 
from the ΔCt of the mock inoculated sample to give a ΔΔCt value. The error 
estimated for the average ΔCt value is propagated into each of the ΔΔCt values for the 
test samples. The relative gene transcript level was calculated by 2
–ΔΔCt
 method as 
previously described (Livak & Schmittgen, 2001). In the final calculation, the error is 
estimated by evaluating the 2
-ΔΔCt
 term using ΔΔCt plus the standard deviation and 
ΔΔCt minus the standard deviation. Lack of variation in PCR products and the 
absence of primer–dimers were ascertained from the melting curve profile of the PCR 
products. In all experiments, three biological replicates of each sample type were 
tested. Relative quantitation of HcSO against an internal standard (18S rRNA) was 
compared between mock-inoculated and HCRSV-infected kenaf plants. The 
experiment was carried out twice. Sequence analysis was performed using the ABI 
Prism Big Dye terminator cycle sequencing ready reaction kit in an ABI Prism 310 
cycle sequencer (PE Applied Biosystems; http://www. appliedbiosystems.com). 
 
2.7 Protein expression and purification 
2.7.1 Plasmid construction and transformation 
HCRSV CP fragment was cloned into pGEX-4T vector and sequenced. The construct 




2.7.2 Induction of protein expression 
A fresh bacterial colony harboring the expression plasmid was inoculated into 2 ml of 
LB medium containing antibiotics. After overnight incubation at 37 °C with shaking, 
the bacterial culture was diluted 100 times into fresh LB medium containing the same 
antibiotics. The mixtures were grown at 37 °C with vigorous shaking until the OD 
600 reached 0.6. The expression of the desirable protein was induced by adding IPTG 
to a final concentration of 0.5 mM. The culture was incubated at 22 °C overnight. The 
bacterial cells were harvested by centrifugation at 4,000 rpm for 15 min, and the pellet 
was stored at -20 °C for further purification. 
 
2.7.3 Protein purification 
The GST-fused protein was purified with the glutathione sepharose affinity column. 
After centrifugation for harvesting the bacteria which contains the expressed target 
protein, cells were resuspended in 1X phosphate buffered saline (PBS) (140 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3), with complete 
proteinase inhibitor (Roche). The resuspended bacteria were lysed by sonication. 
After centrifugation (40,000g, 1 h), the supernatant was loaded onto a glutathione 
sepharose affinity column equilibrated in 1X PBS. Nonspecific binding proteins were 
washed out by 1X PBS buffer and the fusion protein was eluted by elution buffer 
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(0.154 g reduced glutathione dissolved in 50 ml 50 mM Tris-HCl, pH 8.0).  
 
2.7.4 Protein concentration measurement 
Dye reagent (Bio-rad) was prepared by diluting 1 part dye reagent concentrate 
(Bio-Rad) with 4 parts distilled, de-ionized (DDI) water and filtered  through 
Whatman #1 filter to remove particulates. A linear range of protein standard (BSA 
assay) of 0.2, 0.4, 0.5 and 0.8 mg/ml was also prepared. The sample and protein 
standards of volume 20 µl were then added to 1 ml of dye. Dilution may be needed to 
ensure that the sample concentration is within the range of protein standard. The 
mixtures were subsequently incubated at room temperature for 5 min to 1 h before 
their absorbance at 595 nm was measured. The protein concentration can be 
calculated from the linear best-fit graph of the absorbance of the protein sample. 
2.7.5 Sodium dodecylsulfate-polyacrylamide electrophoresis (SDS-PAGE) 
The vertical SDS-PAGE gel apparatus (Bio-Rad) was assembled according to the 
manufacturer‟s instructions. Separating gel of various concentrations (12.5, 15 or 17.5) 
and 3% stacking gels were poured into the gap between the glass plates. The clean 
comb was immediately inserted into the stacking gel solution until polymerization. 
The protein samples were denatured by heating at 100 °C for 5 min in 1X SDS 
gel-loading buffer (24 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 20% glycerol, 
0.1% bromophenol blue dye) and loaded into the bottom of well. The electrophoresis 
was run at constant voltage of 100 V until the bromophenol blue reached the bottom 
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of the resolving gel. 
 
2.7.6 Staining of SDS gel by coomassie brilliant blue 
Following electrophoresis, the gel was stained by Coomassie Brilliant Blue R-250, 
allowing visualization of the separated proteins. SDS-PAGE separated proteins were 
stained according to the instructions of Hoefer Scientific Instruments (Protein 
electrophoresis-applications guide, 1994). The gel was placed in the staining solution 
and shaked at low speed for 4 h or overnight. The staining solution was then discarded 
and replaced with destaining solution I. After the gel had been destained for 30 min, 
destaining solution I was removed and replaced with destaining solution II. The 
destaining solution II was changed twice a day until the gel background was clear. 
After destaining, the protein profile was recorded by a scanner and the gel was stored 
in H2O containing 20% glycerol in a sealed plastic bag. 
 
After staining, different proteins will appear as distinct bands within the gel. It is 
common to run molecular markers of known molecular weight in a separate lane in 
the gel, in order to determine the weight of unknown proteins by comparing the 
distance traveled relative to the marker. 
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2.7.7 Immunodetection of proteins 
The proteins were transferred from the SDS-PAGE gel to PVDF membranes (Roche 
Applied Science) in transfer buffer (3.66 g of glycine, 7.26 g of Tris-base, 0.4 g of 
SDS, 200 ml of methanol in 1000 ml volume) at 100 V for 1 h. The membranes were 
blocked by immersion in 5% skim milk for 1 h at room temperature. The blots were 
washed three times (10 min for each wash) with 0.5% Tris-buffered saline (TBS) 
buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.5% Tween-20) at room 
temperature. The membranes were blocked in diluted primary antibody for 1 h at 
room temperature. Following the same wash, the membranes were incubated in 
alkaline phosphatase (AP)-conjugated goat anti rabbit IgG (Sigma) diluted 1: 7500 in 
PBS (40 min at room temperature). The NBT/BCIP detection system (Roche Applied 
Science) was used according to the manufacturer‟s instruction. 
 
2.7.8 In vitro translation of DNA with T7 RNA polymerases 
The TNT
®
 Quick Master Mix was rapidly thawed by hand-warming and placed on ice. 
The other components can be thawed at room temperature and then stored on ice. The 
reaction mixture contains TNT
® 
Quick Master Mix (40 µl), 1mM methionine (1 µl), 
plasmid DNA template(s) (1-2 µl), Transcend Biotin-Lysyl-tRNA (1-2 µl) and 
nuclease-free water. The 50 µl final volume of reaction components was assembled in 
a 0.5 ml microcentrifuge tube and all of the components were gently mixed. The 
reaction was incubated at 30 °C for 60-90 min in a PCR machine. The reaction 
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containing no added DNA was set as a control. This reaction allows measurement of 
any background incorporation of labeled amino acids. 
 
2.7.9 Detection of the in vitro translation product 
The in vitro translation product was detected by Transcend™ Chemiluminescent 
Non-Radioactive Translation Detection System (Promega). The reaction was 
terminated by placing on ice. The translation reaction mix can be stored for several 
months at -20 to -70 °C. 
 
Once the 50 µl translation reaction is complete (or at any desired time point), 1 µl 
aliquot was added to 15 µl of SDS sample buffer (50 mM Tris-HCl, pH 6.8, 100 mM 
dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). The mixture was 
heated at 70 °C for 15 min to denature the proteins. The denatured sample was loaded 
on an SDS-polyacrylamide gel. Electrophoresis is carried out at a constant current of 
20 mA using standard conditions. The translation reaction products can be blotted 
from the SDS-polyacrylamide gel to PVDF, at a constant voltage of 100 V for 60 min 
using a mini gel-size electroblotting unit. After proteins were transferred to PVDF 
membrane, the membrane can be dried and stored. 
 
The dried PVDF membrane must be rewet with 100% methanol and washed twice 
with de-ionized water prior to blocking. After the membrane was blocked by 
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incubation in 15 ml of TBST (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Tween
®
 
20) for 1 h with gentle shaking, it was then incubated in 15 ml mixture of a 1:10,000 
dilution of the streptavidin-HRP conjugate in TBST (add 1.5 µl to 15 ml) for 45–60 
min with gentle shaking. The membrane was washed thrice by incubation in 15 ml of 
TBST for 5 min each time with gentle shaking. 
 
The developing mixture was prepared by mixing 2.5 ml of Substrate A and 2.5 ml of 
Substrate B in a 15 ml Corning
® 
centrifuge tube. The membrane was incubated with 
the chemiluminescent substrate mixture for 1 min on a shaker in dim light. The 
membrane was then placed on transparency film, with a second piece of transparency 
film on top of it. The excess substrate mix was squeezed out from between the films 
using a paper towel. The membrane and transparency films were placed inside a film 
cassette. It was exposed to the Kodak
®
 X-Omat AR X-ray film for 2-20 min and the 
X-ray film was then developed. 
 
2.8 Protein extraction from virus-infected plants 
About 0.5 g of leaves were grinded in 1ml protein extraction buffer (220 mM 
Tris-HCl, pH 7.4, 250 mM sucrose, 1 mM MgCl2, 50 mM KCl, 2 mM PMSF, 10 mM 
2-ME). The mixture was placed on ice, and centrifuged at 12,000g for 10 min at 4 °C. 




2.9 Isolation and transfection of kenaf protoplasts 
2.9.1 Isolation of kenaf protoplasts 
Kenaf cultivar, Everglade-41 leaf material was used for isolating protoplasts. Seeds of 
kenaf cultivars were kindly provided by Dr. B.S.Baldwin, Mississippi State 
University, USA. Kenaf seedlings were grown at 25 °C, 16/8 h, light/dark cycle. One 
month old kenaf seedlings at 4 to 6 leaf stage were used for protoplast isolation. 
 
Leaves were sterilized with 0.8% Clorox
®
 containing the active ingredient of 0.04% 
sodium hypochlorite, for 10 min. Following that, the leaves were rinsed three times 
with sterile distilled water, each wash lasting up to 5 min. Leaves were sliced into thin 
1 mm strips and incubated in filter sterilized enzyme solution. The enzyme mixture 
contained 0.2 mM KH2 PO4, 1 mM KNO3, 1 mM MgSO4, 1 μM KI, 0.01 μM CuSO4, 
pH 5.6 (Rottier et al., 1979) and 0.6 M mannitol, 10 mM CaCl2, 0.8% cellulase 
Onozuka R-10 (Yakult Honsa Co. Ltd), 0.25% macerase R-10 (Yakult Honsa Co. 
Ltd). Digestions were carried out at 25 °C in dark with shaking 10 g/min (Heidolph 
Rotamax 120, Germany) for 16 h. Protoplasts were gently pipetted using a pasteur 
pipette and released. The protoplasts were passed through a 70 μm nylon cell strainer 
(Becton Dickinson, Franklin Lakes, NJ) to remove the cell debris. The filtrate was 
later transferred to 50 ml centrifuge tubes and centrifuges at 100g for 5 min at 4 °C. 
Pellets were washed three times in wash solution containing 0.6 M mannitol and 10 
mM CaCl2 (pH 5.6). Protoplast yields were calculated using haemocytometer slide 
(Marienfield, Germany).  
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2.9.2 PEG transfection of protoplasts 
Concentrated kenaf protoplasts (4-8 × 10
5
 cells) were mixed with 10 μg of plasmid 
and 200 µl of 40% PEG 3000 in 3 mM CaCl2 for 15 sec. Then protoplast/DNA 
mixture was diluted with 1.5 ml of wash solution and left on ice for 2 min. The 
protoplast/DNA mixture was diluted twice with 1.5 ml of wash solution and incubated 
on ice for another 15 min. The mixture was washed once with 2 ml of wash solution. 
The protoplast concentration was adjusted to 1 × 10
5
 cells per ml with MS medium 
containing 0.6 M mannitol and 10 mM CaCl2 and incubated in the dark for 24 h. 
 
2.9.3 Confocal study of protoplasts with fluorescence  
About 20 µl of the transfected protoplasts were loaded on the glass slides and covered 
by cover slip. The image of the protoplasts which showed yellow fluorescence under 
the FITC mode was later taken by the LSM 510 Meta confocal microscopy with BP 
530-600 filter by the excitation at 514 nm.  
 
2.10 Reverse Transcription-PCR 
Reverse transcription (RT)-PCR reaction was set up according to the instructions of 
Titan one tube RT-PCR system (Roche Molecular Biochemicals). Master mix 1 was 
set up to 25 µl containing 0.2 mM of each dNTP, 0.4 µM of upstream primers, 0.4 
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µM of downstream primers, 5 mM of DTT solution, 5 units of RNase inhibitor and 
0.1 µg of total RNA. Master mix 2 was set up to 25 µl including 1.5 mM MgCl2, 1X 
RT-PCR buffer and 1 µl of enzyme mix. Mix 1 and mix 2 were added together and 
mixed properly, the mixture was placed in a thermocycler equilibrated at 50 °C and 
incubated for 30 min, then applied to thermocycling at 94 °C for 2 min to denature 
template; 10 cycles of denaturation at 94 °C for 30 sec, annealing at 45-65 °C (based 
on the melting temperature of primers used) for 30 sec and elongation at 68 °C for 
proper time; 25 cycles of denaturation at 94 °C for 30 sec, annealing at 45-65 °C 
(based on the melting temperature of primers used) for 30 sec and elongation at 68 °C 
for proper time, adding cycle elongation of 5 sec for each cycle; finally prolonged 
elongation time up to 7 min at 68 °C.
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CHAPTER 3  
Screening and identification of host proteins 
interacting with HCRSV CP 
 
3.1 Introduction 
The CPs of plant viruses have multiple functions including encapsidation of nucleic 
acids, interaction with other proteins encoded by viral and host plant genomes 
(Beachy, 1999), involvement in cell-to-cell or systemic movement (Nagano et al., 
1999), genome activation (Tenllado & Bol, 2000), induction of HR and symptom 
modulation (Taraporewala & Culver, 1996). Mutation of viral CP may lead to 
attenuation of symptoms or abolition of viral infection in some host species (Callaway 
et al., 2000; Laakso & Heaton, 1993). 
 
The molecular weight of HCRSV CP is 38 kDa, and it consists of an internal 
RNA-binding domain (R), a shell-forming domain (S) and a protruding domain (P). 
The icosahedral (T=3) viral capsid is made up of 180 copies of CP. Using purified 
virus particle from HCRSV infected kenaf as starting material, the virus was 
crystallized and diffracted X-ray to at least 4.5 Å resolution (Lee et al., 2003). The 
HCRSV virion was reconstructed to about 12 Å resolution from cryo-EM images 
using the program EMAN (Doan et al., 2003). It was reported that amino acid 
composition of HCRSV CP was altered and its progeny virus lost its virulence in 
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kenaf after HCRSV was serially passaged from Hibiscus rosasinensis to 
Chenopodium quinoa. To further investigate the nature of the amino acid mutations in 
the CP and to determine the factors contributing to avirulence in kenaf, the CP region 
of the serial passaged HCRSV was isolated from the local lesions and sequenced. 
Site-specific mutations of HCRSV in C. quinoa plants after serial passages were 
identified and three of these mutations which lead to changes in the amino acids were 
enough to cause avirulence in kenaf (Liang et al., 2002a). Other studies on HCRSV 
CP include a study of translational regulation in our lab: a CP internal ribosome entry 
site (IRES) of approximately 100 bp was found upstream of the CP gene and the 
co-operation of this IRES with the 3‟ UTR of HCRSV could enhance the expression 
of CP gene at the 3‟ end of the genome (Koh et al., 2003). HCRSV CP should interact 
with certain proteins to perform the above functions. Thus identifying proteins that 
interact with HCRSV CP is an important first step for studying the importance of CP 
in the virus-host interaction.  
 
3.2 Materials and methods 
3.2.1 Construction and screening of kenaf cDNA library 
The kenaf cDNA library was constructed using the matchmaker™ library construction 
& screening kit (Clontech) according to the manufacturer‟s protocols. Total RNAs 
were extracted from kenaf leaves using the TRIzol
® 
(Invitrogen) reagent. The kenaf 
mRNA was extracted using a Fast Track
™
 MAG Maxi mRNA Isolation Kit 
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(Invitrogen) and used for cDNA library construction. First-strand cDNA was 
synthesized using an oligo (dT) primer from mRNA by Moloney murine leukemia 
virus (MMLV) reverse transcriptase. The ds cDNA was synthesized by BD advantage 
2 polymerase mix and purified with a BD CHROMA SPIN
™
 TE-400 Column. The 
yeast strain AH109 was transformed with ds cDNA and pGADT7-Rec and poured on 
SD-Leu plate. The library titer was determined by spreading 100 µl of a 1:100, 
1:1,000, and 1:10,000 dilutions on 100 mm SD/–Leu plates. The plates were 
incubated at 30 °C until colonies appear (~2-3 days). The colonies (cfu) were counted 
and calculated in the library. The cells were dislodged into the liquid using sterile 
glass beads and combined into a sterile flask. 
 
A portion of a cDNA library containing genes which were expressed in response to 
infection of kenaf by HCRSV was constructed and screened using the Y2H system. 
The cDNAs were cloned into pGADT7-Rec vectors and expressed as fusions to the 
GAL4 activation domain (AD) in AH109. The HCRSV CP (bait) was cloned into 
pGBKT7 vector and expressed as a fusion to the GAL4 DNA-binding domain (BD) in 
Y187. In the first round of screening, yeast mating was used as described above. The 
yeast diploids from successful mating were selected by culturing on 
SD/-Ade/-His/-Leu/-Trp plates as the diploids can produce adenine and histidine from 
the ADE2 and HIS3 genes. In the second round of screening, cotransformation was 
used to confirm the positive protein-protein interactions. In cotransformation, both 
vectors (which were isolated from colonies from the previous round of screening) 
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were transformed together into AH109, which was directly cultured onto 
SD/-Ade/-His/-Leu/-Trp plates. After each round of screening, the vectors were 
isolated and subjected to agarose gel electrophoresis to check for homogeneity. 
Plasmids containing the cDNAs were selected from the cells of blue colonies grown 
on quadruple dropout medium: SD/–Ade/–His/–Leu/–Trp, which indicated positive 
protein-protein interactions. The plasmids were purified from the yeast cells and 
transformed into E.coli. The cDNA sequences were obtained following PCR and 
DNA sequencing and compared to the NCBI database using the BLASTX program. 
All primers used were listed in Table 3.1. 
3.2.2 Sequencing and cloning 
The HCRSV CP gene was amplified by PCR using appropriate primers, digested with 
EcoRI/BamHI, and ligated into the EcoRI and BamHI-digested pGBKT7 vector to 
give pGBKT7-CP. Three gene fragments corresponding to the R, S, P domains of 
HCRSV CP were amplified by PCR and inserted into EcoRI-BamHI-digested 
pGBKT7 to give pGBKT7-CP-R, -CP-S, -CP-P, respectively. Similarly, the complete 
ORF of HcSO was amplified and cloned into the pGADT7 vector. 
 
3.2.3 Confirmation of the interaction 
To confirm the interaction between HCRSV CP and HcSO, pGBKT7-CP and 
pGADT7-HcSO were co-transformed into the yeast strain AH109. The plasmids of 
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Table 3.1 Primers for cDNA library construction and RACE PCR of C2 domain 
containing protein. 
*N = A, G, C, or T; V = A, G, or C 












CDS III Primer 
5'-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30V
N-3' 
5' PCR Primer 
5'-TTCCACCCAAGCAGTGGTATCAACGCAGAGTG
G-3' 
















C2 gene specific 
primer 
5‟-TTCAGACAGGCAGTTGGACCTGCACGG-3‟ 






C2-BamHI 5‟-CGCGGATCCTTCATATACC TCTAGACCCA-3‟ 
pGBKT7-CP 
H-CP- EcoRI 5‟-CTGAATTCATGCTGCAGAAGAATGACC-3‟ 
H-CP- BamHI 5‟-GCGGATTCCTAGTTCCTACAGGCCCAC-3‟ 




pGBKT7-CP-P HP-CP-EcoRI 5‟-CT GAATTCTCGGTTGGCCCCTCCCTCT-3‟ 
pGADT7-HcSO 
HcSO-EcoRI 5‟-CTGAATTCATGCCAGGAATAAAGGGACCT-3‟ 
HcSO-BamHI 5‟-GC GGATTCCGTTTGAGTTACATATTTGA-3‟ 
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pGBKT7 -HR, -HS, -HP were separately co-transformed with pGADT7-HcSO into 
AH109 competent cells. pGBKT7-53 + pGADT7-RecT were set as a positive control. 
PGBKT7-Lam+pGADT7-RecT, pGADT7+pGBKT7-CP and 
pGADT7-HcSO+pGBKT7 were set as negative controls. Paired plasmids were 
co-transformed into AH109 competent cells and plated onto SD/-Leu/-Trp/-Ade/-His 
solid medium. Yeast colonies were streaked onto the same solid medium 
supplemented with 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside (X-α-Gal), 
and incubated at 30 °C for 24 h to monitor α-galactosidase expression. 
 
3.2.4 5’ RACE PCR to amplify the complete sequence of C2 domain 
containing protein 
The total RNA was purified and the cDNA was synthesized as described earlier in 
section 3.2.1. The 3‟ terminal gene specific primer and 5‟ terminal CDS III primer to 
the protein were designed and PCR was performed to synthesize the 5‟ terminal 
sequence of the C2 domain containing protein. Nested PCR was done to amplify the 
specific PCR product by gene specific primers. The PCR product was cloned into TA 
vector and sequenced. The sequence was blasted with PUBMED and once it is 
confirmed, one pair of primers complementary to the 5‟ and 3‟ terminals were 
designed and used to amplify the complete ORF of the protein. All primers used were 





3.3.1 Kenaf cDNA Library constructed 
A cDNA library in the yeast GAL4 activation domain expression vector was 
constructed using RNAs extracted from fully expanded upper leaves of 
HCRSV-infected kenaf plants 14 days after inoculation. The library was screened 
using a full-length HCRSV CP fused with the GAL4 DNA-binding domain as bait. Of 
68 positive colonies, 27 clones were selected and sequenced. The screened putative 
interacting proteins included sulfite oxidase (SO), a putative major latex-like protein, 
a putative chaperon P13.9, a C2 domain-containing protein, a Ricin domain 
containing protein and putative alpha-D-xylosidase like protein (Table 3.2).  
 
3.3.2 Sulfite oxidase in kenaf (HcSO) 
There were five clones which shared identical sequences containing a single ORF of 
1182 nt with the capacity to encode a putative protein of 394 aa. A BLAST search of 
the amino acid sequence revealed that it has a conserved Moco domain and shared 
approximately 80% amino acid sequence identity with SO or putative SO from other 
plants. It ranged from 73% identity with the putative SO from Brassica oleracea 
(GenBank accession no. ABD65019.1) to 83% identity with SO of Codonopsis 
lanceolata (GenBank accession no. BAE48793). This protein was named HcSO 





Table 3.2 Clones with cDNA sequences matching putative proteins from NCBI 
database 
 
Putative Proteins Clones with cDNA sequences matching the 
putative proteins  
 SO   H23, H18, H29, HB, H65 
 putative major latex-like protein   H36 
 putative chaperon P13.9   H61 
 C2 Domain-containing protein  H45, H46, H64, H41 
 Ricin Domain-containing protein  H34, H54 
















Figure 3.1. Amino acid sequence alignment of the SO from kenaf (HcSO) and 
other plants 
 
1, kenaf (GenBank accession no. FJ603465); 2, Arabidopsis (GenBank accession no. 
AAF13276.1); 3, Codonopsis lanceolata (GenBank accession no. BAE48793.1); 4, 
Brassica oleracea (GenBank accession no. ABD65019.1; putative); 5, Solanum 
tuberosum (GenBank accession no. ABB86275.1; SO-like); 6, S. lycopersicum 
(GenBank accession no. ABI53846.1). Residues on shaded background are conserved 




3.3.3 Identification of interaction between HCRSV CP and HcSO and 
mapping of the interacting domains 
To confirm the interaction between HCRSV CP and HcSO, pGBKT7-CP and 
pGADT7-HcSO were co-transformed into the yeast strain AH109. The plasmids of 
pGBKT7 -HR, -HS, -HP were separately co-transformed with pGADT7-HcSO into 
AH109 competent cells. The cells transformed with pGBKT7-P+pGADT7-HcSO and 
pGBKT7-S+pGADT7-HcSO, but not pGBKT7-R+pGADT7-HcSO, grew rapidly and 
turned blue when streaked onto selective medium SD/-Leu/-Trp/-Ade/-His 
supplemented with X-α-gal (Figure 3.2b, c). The plasmid combinations 
pGBKT7+pGADT7, pGBKT7+pGADT7-HcSO, pGBKT7-CP+pGADT7 and 
pGBKT7-Lam+pGADT7-RecT were used as negative controls and 
pGBKT7-53+pGADT7-RecT was used as a positive control. Only transformants of 
pGBKT7-CP+pGADT7-HcSO and the positive control grew on 
SD/-Leu/-Trp/-Ade/-His agar plates supplemented with X-α-gal (Figure 3.2c). Both 
the P and S domains showed strong interaction with HcSO in yeast cells. This is 
consistent with the atomic structure of HCRSV 
(http://viperdb.scripps.edu/info_page.php?VDB=hcrv) which shows that both of the P 










































Fig. 1. Interaction between HCRSV CP and HcSO and identification of domains of CP that are involved in the interaction in 
yeast cells. (a)  Schematic representation of the three domains of HCRSV CP. (b) and (c) AH109 cells cotransformed with 
pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-P and pGBKT7-CP-S, respectively. pGBKT7-53 and pGADT7-RecT were 
cotransformed as positive control. All the cotransformed cells grew on agar plate containing SD/-Leu/-Trp/-Ade/-His
supplemented with X-α-Gal and turned blue. Cells cotransformed with pGBKT7-CP-R+pGADT7-HcSO, pGBKT7-
CP+pGADT7, pGBKT7+pGADT7-HcSO, pGBKT7-Lam+pGADT7-RecT could not grow on the same medium.  (b) Images of 
the streaks of the yeast cells cotransformed with pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-R, pGBKT7-CP-S, 









































Fig. 1. Interaction between HCRSV CP and HcSO and identification of domains of CP that are involved in the interaction in 
yeast cells. (a)  Schematic representation of the three domains of HCRSV CP. (b) and (c) AH109 cells cotransformed with 
pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-P and pGBKT7-CP-S, respectively. pGBKT7-53 and pGADT7-RecT were 
cotransformed as positive control. All the cotransformed cells grew on agar plate containing SD/-Leu/-Trp/-Ade/-His
supplemented with X-α-Gal and turned blue. Cells cotransformed with pGBKT7-CP-R+pGADT7-HcSO, pGBKT7-
CP+pGADT7, pGBKT7+pGADT7-HcSO, pGBKT7-Lam+pGADT7-RecT could not grow on the same medium.  (b) Images of 
the streaks of the yeast cells cotransformed with pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-R, pGBKT7-CP-S, 





Figure 3.2. Interaction between HCRSV CP and HcSO and identification of 
domains of CP that are inv lved in th  i teraction in yeast cells 
 
(a) Schematic representation of the three domains of HCRSV CP. (b) and (c) AH109 
cells cotransformed with pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-P and 
pGBKT7-CP-S, respectively. pGBKT7-53 and pGADT7-RecT were cotransformed as 
positive control. All the cotransformed cells grew on agar plate containing 
SD/-Leu/-Trp/-Ade/-His supplemented with X-α-Gal and turned blue. Cells 
cotransformed with pGBKT7-CP-R+pGADT7-HcSO, pGBKT7-CP+pGADT7, 
pGBKT7+pGADT7-HcSO, pGBKT7-Lam+pGADT7-RecT could not grow on the 
same medium.  (b) Images of the streaks of the yeast cells cotransformed with 
pGADT7-HcSO and pGBKT7-CP, pGBKT7-CP-R, pGBKT7-CP-S, pGBKT7-CP-P, 




3.3.4 C2 domain-containing protein in kenaf 
There were four clones that share identical sequences without start codon. Blast result 
showed that there is a conserved C2 domain in the sequence. Thus 5 terminal RACE 
PCR was conducted to amplify the complete ORF of the C2 domain containing 
protein. The mRNA sequence was translated into amino acid sequence and a BLAST 
search of the amino acid sequence revealed that it shared approximately 75% amino 
acid sequence identity with Vitis vinifera hypothetical protein (GenBank accession no. 
XP_002282569), Ricinus communis ARF GTPase activator (GenBank accession no. 
XP_002530486) and Nicotiana sp. variant Rastroensis' pollen-specific C2 domain 
containing protein (GenBank accession no. ACD40011). The blast result was shown 




Figure 3.3. Amino acid sequence alignment of C2 domain containing protein 
from kenaf (HcSO) and similar proteins in other plants 
 
 
2 Ricinus communis ARF GTPase activator (GenBank accession no. XP_002530486) 
3 Vitis vinifera hypothetical protein (GenBank accession no. XP_002282569) 4 
Nicotiana sp. variant Rastroensis' pollen-specific C2 domain containing protein 
(GenBank accession no. ACD40011). The stars represent identical aa sequences. “:” 
shows aa sequences homology. 
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3.3.5 Putative CsP 13.9  
Another screened protein showed 70% amino acid identity with putative chaperon 
P13.9 from Castanea sativa (GenBank accession no. AAK25754), and 66% identity 
with putative bundle sheath defective protein from Oryza sativa Japonica Group 
(GenBank accession no. BAD32898) (Figure 3.4). Three DnaJ motifs CxxCxGxG 
motives are highlighted in black. This protein is showed to be a wound inducible gene. 
Thus the interaction between HCRSV CP and this putative chaperon protein may be 
just caused by stress (Cheong et al., 2002). The predicted CsP13.9 protein lacks the 
N-terminal J domain that defines the DnaJ class of chaperons, a cysteine and 
phenylalanine-rich internal domain, as well as a large C-terminus shared in most DnaJ 
proteins, and seems to belong to a new class of stress responsive chaperons. J-domain 
proteins play important regulatory roles as co-chaperones, recruiting Hsp70 partners 
and accelerating the ATP-hydrolysis step of the chaperone cycle. Certain proteins 
could have acquired a J domain in order to present a specific substrate to an Hsp70 
partner and thus capitalize upon chaperone activities when carrying out cellular 
functions. J-domain proteins participate in complex biological processes, such as 





Figure 3.4. Alignment of CsP13.9 with putative chaperon P13.9 [Castanea sativa], 
and putative bundle sheath defective protein [Oryza sativa Japonica Group]  
 
The CxxCxGxG motif is highlighted in grey. The stars represent identical aa residues. 
“.” shows aa with similar properties. 
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3.4  Discussion 
A C2 domain is a protein structural domain involved in targeting proteins to cell 
membranes. The C2 domain is a Ca
2+
-binding motif of approximately 130 residues in 
length originally identified in the Ca
2+
-dependent isoforms of protein kinase C. Single 
and multiple copies of C2 domains have been identified in a growing number of 
eukaryotic signaling proteins that interact with cellular membranes and mediate a 
broad array of critical intracellular processes, including membrane trafficking, 
generation of lipid-second messengers, and the control of protein phosphorylation. As 
a group, C2 domains display the remarkable property of binding a variety of different 
ligands and substrates, including Ca
2+
, phospholipids, inositol polyphosphates, and 
intracellular proteins (Nalefski & Falke, 1996). Currently, proteins that contain C2 
domains are thought to interact with cellular membranes and shown to be directly 
involved in membrane binding. Thus, it is reasonable to hypothesize that the 
interaction between HCRSV CP and C2 domain-containing protein is involved in 
signal transduction or targeting viral proteins. 
 
The Putative CsP 13.9 is shown to be a wound inducible gene. Thus the interaction 
between HCRSV CP and this putative chaperon protein may be just caused by stress 
(Cheong et al., 2002). For the ricin domain containing protein, the name of the 
domain is called ricin-type beta-trefoil or carbohydrate-binding domain that is formed 
from presumed gene triplication. As the domain is found in a variety of molecules 
serving diverse functions such as enzymatic activity, inhibitory toxicity and signal 
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transduction, the function of this protein needed to be studied. Since the highly 
specific ligand binding occurs on exposed surfaces of the compact domain structure, 
this domain should be responsible for the binding. 
 
The blast result revealed that only part of the sequence of alpha-glucosidase like 
protein from kenaf showed 70% identity with putative Ricinus communis 
alpha-glucosidase mRNA. The whole mRNA sequence of the putative Ricinus 
communis alpha-glucosidase is 930 aa (Gene bank accession number XP_002531635). 
Thus the identity of the protein can not be confirmed unless the full-length of the 
protein is sequenced and blasted. 
 
SO is an oxidoreductase of about 460 aa. It is part of the sulphur metabolism pathway. 
It oxidizes sulfite to sulfate in the final step in the oxidative degradation of 
sulphur-containing amino acids (cysteine and methionine). SO in plants has been 
indicated to be important in detoxification of excess sulfite and consequently in the 
protection of plant cells against sulfite damage or sulfitolysis (Hansch & Mendel, 
2005). SO is essential for detoxifying excessive amounts of sulfite in the cell which is 
important for the survival of the plant (Lang et al., 2007). Thus the interaction of 
HCRSV CP and HcSO possibly involves in the defence or anti-defence mechanism. 
Since the full-length of the HcSO has been sequenced and the SO protein from 
Arabidopsis thaliana has been studied a lot, it is much easier to continue further study 
on the interaction and the mechanism underlying the interaction. Further study on the 
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interaction was carried on and reported in CHAPTER 5. 
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CHAPTER 4  
Plant sulfite oxidase plays important roles 
in the symptom development of Hibiscus 
chlorotic ringspot virus in Kenaf  
 
4.1 Introduction 
PSO is the smallest molybdenum-containing enzyme known and SO is required to 
oxidize sulfite to sulfate in the peroxisomes of the plant cells. The first plant SO 
identified is from Arabidopsis thaliana, and it was found that plant SO is quite 
conserved among different species (Eilers et al., 2001). Sulfite is able to attack 
diverse substrates as a nucleophilic agent, where it opens disulfide bridges and 
thereby causes inactivation of the relevant enzymes. This reaction is called sulfitolysis 
(Hansch et al., 2007). The peroxisomal protein SO is important in detoxification of 
excess sulfite and consequently protecting plant cells against sulfite damage or 
sulfitolysis (Hansch & Mendel, 2005). It was demonstrated that SO-silenced 
Arabidopsis thaliana lines accumulated relatively lower concentration of sulfate 
following application of SO2 and this was associated with enhanced induction of 
senescence and wounding-associated RNA transcripts, leaf necrosis and chlorophyll 
bleaching. In addition, SO over-expressing lines accumulated relatively higher sulfate 
concentrations and showed little or no necrosis after application of SO2 (Brychkova et 
al., 2007). These observations suggest that an increase in SO oxidation may be 
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involved in accommodating the overflow of sulfite which accumulates upon 
decomposition of sulfur-containing amino acids or sulfated metabolites in the sulfite 
oxidizing pathway. On the other hand, the stimulation of the anti-oxidation may 
represent a virus-directed protection against host defenses (Maule et al., 2002). 
 
SO from Arabidopsis thaliana has been proven to be localized in peroxisomes 
(Nowak et al., 2004), which play an essential role in specific defense mechanisms 
conferring resistance against pathogens and also have important functions in 
metabolism (Koh et al., 2005). Peroxisomes are single membrane organelles that are 
present in almost all eukaryotic cells. This organelle is the cellular location of many 
antioxidants and significant producer of reactive oxygen species, such as catalase, 
D-amino acid oxidase, and uric acid oxidase. Since the organelles contain no DNA or 
ribosomes and thus have no means of producing proteins, all of their proteins must be 
imported across the membrane through the peroxisome targeting signal at the N 
terminal or C terminal of the protein. 
 
Peroxisomes are cell organelles that compartmentalize primarily oxidative metabolic 
reactions (Reumann et al., 2007). It is also the site of detoxification of ROS by 
catalase and other enzymes (del Rio et al., 2006). The imbalance in antioxidant 
systems as well as to an increased generation of ROS in chloroplasts and peroxisomes 
could induce oxidative stress during viral disease development when the recombinant 
Plum pox virus (PPV, Sharka) infect the pea leaves, and a possible role for 
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peroxisomes as a putative source of ROS generation during the phase of disease 
development was suggested (Diaz-Vivancos et al., 2008). Structurally, peroxisome 
has a homogeneous granular matrix encompassed by a single membrane with a 
diameter of 0.2 to 1.7 µm (Betsche & Gerhardt, 1978). A characteristic of peroxisome 
is its metabolic flexibility due to the varying enzymatic content depending on the 
organism, type of tissue and environmental conditions (Hayashi & Nishimura, 2006). 
 
Here we report that HcSO from peroxisomes can interact with HCRSV CP in the 
kenaf plant. In this chapter, we have studied the interaction between HCRSV CP and 
SO in detail and identify its role during the oxidation process after the virus infection 
in kenaf plants. 
 
4.2 Material and Methods 
4.2.1 Plant materials and construction of plasmids 
Kenaf seedlings were grown under 16 h light and 8 h dark at 25 °C. The plasmids 
used in the BiFC assay, pSAT1-nEYFP-C1, pSAT1-cEYFP-C1(B), pSAT6-EYFP-C1 
were purchased from the Arabidopsis Biological Resource Centre, The Ohio State 
University, U.S.A. The full-length coding sequences of HCRSV CP and HcSO were 
PCR-amplified and digested with EcoRI/BamHI and ligated into the 
pSAT1-nEYFP-C1, pSAT1-cEYFP-C1(B)，pSAT6-EYFP-C1 vectors to generate the 
recombinant plasmids pSAT1-nEYFP-C1-CP, pSAT1-cEYFP-C1(B)-HcSO, 
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pSAT6-EYFP-C1-HcSO, respectively.  
 
The plasmid used for gene silencing was pTCVΔCP vector (Ryabov et al., 2004). 
Around 200 bp of HcSO was amplified with BglII and PmeI sited added and cloned 
into the vector. All of the primers used in this study are listed in table 4.1. 
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Table 4.1 Primers used in this study 
 
Construct Primer Primer Sequence  (5‟-3‟) 
A. For BiFC study   
pSAT1-nEYFP-C1-CP 
HCP-EcoRI 5‟-CTGAATTCCATGCTGCAGAAGAATG AC C-3‟ 





HcSO-BamHI 5‟GC GGATTC CGTTTGAGTTACATATTTGA-3‟ 
B. Gene silencing 
TCV 3388F 5‟-ACC TAT GGC CAA GGA GCC AAT GAT GCC-3‟ 
TCV 4053R 5‟- GGG CAGGCC CCC CCC CCG CGC GA -3‟ 
HcSO 107 
BglII 





C. For Real-time PCR 
HcSO-F 247 5‟-ATGTCAGGATGCTGCCAAAAT-3‟ 
HcSO-R 381 5‟-TGCTCATGGCAGTCCTCCTAT-3‟ 
HcSO-F 497 5‟-AGAATGGAGGCCCATACAAG-3‟ 
HcSO-R 587 5‟-ATG ATC CCT GTT GAG AGG CT-3‟ 
 
The restriction sites of EcoRI, BamHI, BglII, PmeI are underlined in the primer 
sequences. 
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4.2.2 Co-localization of HCRSV CP and HcSO using BiFC 
Paired plasmids pSAT1-nEYFP-C1-CP+pSAT1-cEYFP-C1(B)-HcSO, 
pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B)-HcSO, 
pSAT1-nEYFP-C1-CP+pSAT1-cEYFP-C1(B), 
pSAT1-nEYFP-C1-CP+pSAT1-cEYFP-C1(B)-HcSO were transfected into kenaf 
protoplasts separately to study the interaction of HcSO and HCRSV CP in vivo. The 
pSAT6-EYFP-C1-HcSO was also transfected into kenaf protoplast to monitor the 
subcellular localization of HcSO. The kenaf protoplasts were transfected with 
constructs above by the PEG method. The protoplasts were observed under a Carl 
Zeiss LSM510 META confocal imaging system. Yellow fluorescence was excited at 
514 nm and detected using a BP 530-600 filter, 22 h after transfection. 
Autofluorescence of the chlorophylls also was excited at 514 nm but detected using a 
LP 615 filter. Differential interference contrast (DIC) images of protoplasts were 
taken together under the same excitation wavelength. 
 
For immunofluorescent labeling of peroxisomes, kenaf protoplasts were fixed in 4.5% 
(w/v) paraformaldehyde and 0.3% glutaraldehyde in wash buffer containing 600 mM 
mannitol in 2.3X PBS (PH 7.0). Cells were fixed for 2 h and then washed three times 
for 10 min each in wash buffer. The first wash contained 0.2% (w/v) Triton X-100. 
Fixed protoplasts were incubated with anti-SKL antibody, diluted 1:400 in wash 
buffer containing 3% BSA overnight at 4 ºC. Cells were washed three times for 10 
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min each and then incubated for 2 h with Alexa Fluor
®
 488 goat anti-rabbit IgG (H+L) 
or goat anti-rabbit IgG (H+L), highly cross-adsorbed, DyLight 405 diluted 1:200 in 
wash buffer containing 3% BSA. Cells were washed three times for 10 min each and 
then observed by confocal microscopy. 
 
4.2.3 Protein expression and pull down assay of CP with HcSO 
The  pGEX-4T-CP clone was transformed into E. coli strain BL21. Glutathione 
S-transferase (GST) fusion proteins and GST proteins were purified following 
standard protocols (GE Healthcare). The eluted GST-CP protein was mixed with 40 
μl of glutathione sepharose 4B beads in 1X PBS to a final volume of 500 μl. The 
mixture was incubated at 4 ºC with gentle agitation for 1 h. HcSO was in 
vitro-translated from pGADT7-Rec-HcSO which contained the HcSO gene isolated 
from the kenaf cDNA library, using the TNT
® 
Quick Coupled 
Transcription/Translation Systems (Promega). The in vitro translated product of 
HcSO labeled with biotinylated lysine was mixed with GST-CP. The mixture of the 
HcSO and GST or GST-CP and the in vitro translated product from pGADT7 vector, 
was included as negative control. All the mixtures with glutathione sepharose 4B 
beads added were incubated at 4 ºC with gentle agitation for 1 h, followed by washing 
4 times with 500 μl 1X PBS. The bound proteins were eluted using 100 μl of elution 
buffer, twice, and separated on a 12% (w/v) SDS-PAGE gel. Western blot analysis 
was carried out and HcSO was detected and visualized on Kodak X-ray film by the 
 82 
Transcend™ chemiluminescent non-radioactive translation detection system 
(Promega).  
 
4.2.4 Determination of HcSO transcript level and sulfate level in mock and 
HCRSV infected kenaf leaves 
Upper leaves were sampled three weeks post inoculation with HCRSV, when 
systemic infection and symptoms became apparent. Real-time PCR was conducted to 
compare the HcSO gene expression level between the two samples by HcSO-F 247 
and HcSO-R 381 primers. 
 
For sulfate determination, both mock-inoculated and HCRSV-infected leaves were 
sampled after systemic symptoms appeared (8-leafs stage and two weeks post 
inoculation). The leaves were washed twice in running tap water followed by RO 
water twice. The leaves were dried at 60 ºC for 6 h and 80 ºC for 4 h until the dry 
weight remained unchanged. The dried leaves were cooled and ground into powder 
using a mortar and pestle at room temperature. The leaf powder was filtered through a 
250 µm filter, and stored in a vacuum dryer for further use. The powder was dissolved 
in double-distilled water (1:20; w/v) and heated for 5 min at 95 ºC. The sulfate levels 
were determined by ion exchange chromatography (Hansch et al., 2006). For each 
experiment, three replicates were included for each test sample and the experiment 
was repeated three times. 
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4.2.5 Biochemical assays of SO and H2O2-generating activities 
SO activity of leaf extracts from mock and HCRSV-infected plants was determined 
by ferricyanide reduction at 420 nm, in one ml reactions containing 10 µg soluble 
protein, 0.395 mM ferricyanide, 0.4 mM sodium sulfite in 20 mM Tris–HCl buffer 
(pH 8) (Eilers et al., 2001). One unit of SO activity was defined as the conversion of 1 
µmol of sulfite into sulfate per min. Comparison was made between mock inoculated, 
HCRSV inoculated and 100 times diluted HCRSV inoculated fully developed upper 
leaves 30 days post inoculation (dpi). H2O2-generating activity of leaf extracts from 
mock or HCRSV-infected plants was assayed in reactions containing 10 μg soluble 
protein, 0.85 mM 4-aminoantipyrine, 3.4 mM 3,5 dichloro-2-hydroxobenzene 
sulfonate and 4.5 U ml
-1
 HRP in 1 ml of 50 mM phosphate buffer (pH 7.5) 
(Brychkova et al., 2007). H2O2-generating activity was assayed 
spectrophotometrically at 515 nm after adding sodium sulfite to its final concentration 
of 0.4 mM. For both assays, reaction mixtures without sodium sulfite were used as 
controls. Each sample had three replicates and each experiment was repeated three 
times. All leaves assayed were from the same leaf stage and grown under the same 
conditions. 
 
4.2.6 Transmission electron microscopy (TEM) and immuno-EM study 
HCRSV-infected kenaf leaves were processed for TEM by cutting leaves into 1 mm x 
1 mm pieces and fixing in formaldehyde:glutaldehyde (4:1) fixative buffer for 2 h on 
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a rotator at room temperature. Samples were post-fixed overnight at 4 ºC in 2% (w/v) 
osmium tetroxide (Fisher Scientific), dehydrated in a graduated series of 50-100% 
ethanol (v/v), and embedded in spur resin. Ultrathin sections were cut with a glass 
knife mounted on a microtome, collected on copper grids, and post stained with 2% 
(w/v) uranyl acetate and Reynold‟s lead citrate for 10 and 3 min, respectively. 
Immuno-gold labeling of ultrathin sections was prepared as described above except 
that 4% (v/v) paraformaldehyde, 2.5% (w/v) sucrose in 0.1 M phosphate buffer pH 
7.2 was used for fixation, and post fixation in osmium tetroxide was omitted and 
ultrathin sections were mounted onto nickel grids. Immuno-gold experiments were 
performed on ultrathin sections of kenaf leaves which were incubated in a blocking 
buffer consisting of 3X PBS, glycine (0.05%; w/v), Tween 20 (0.05%; v/v; Fisher 
Scientific), and BSA (0.5%; w/v). Samples were incubated for 1 h in HCRSV CP 
antiserum diluted in blocking buffer, washed a second time in blocking buffer, 
followed by incubation with a goat anti-rabbit antibody conjugated with 15 nm gold 
particles for 1 h. The grids were washed three times with 1X PBS and then 10 times 
with autoclaved RO water. The staining method was the same as described above. 
Immuno-gold labeled particles were quantified by counting the numbers of gold 




4.2.7 Gene-silencing study of HcSO 
The fragment of 250 bp HcSO was amplified and cloned into TCVΔCP vector. The 
construct was successfully transcribed and the in vitro transcription product of 
TCVΔCP HcSO (10 µg) was inoculated onto two new grown true leaves when the 
plants were about two weeks old. Plants inoculated with in vitro transcription product 
of TCVΔCP GFP were set as negative control. Fifteen days after inoculation, total 
RNA was purified from the leaves. RT-PCR was conducted to check for the 
replication of the virus. Real-time PCR was conducted to determine whether HcSO 
was silenced or not by primer 497 F and primer 587 R. 
 
At the same time, six days after inoculation with the in vitro transcription product 
(IVT) of TCVΔCP HcSO, the leaves were inoculated with 1 µg of the IVT of P223. 
The symptom was observed and the leaves were collected nine days after inoculation 
with IVT of P223. Total protein was purified from the collected leaves and the CP 
amount was compared with the control plant inoculated with IVT of TCVΔCP GFP 
and with the same treatment of P223 by western blot. All of the above experiments 
were repeated three times. Three batches of kenaf plant were grown separately for 







4.3.1 HcSO interacts with HCRSV CP in kenaf protoplasts 
The full-length HcSO was fused to the C-terminus of nEYFP and the HCRSV CP was 
fused with the C-terminus of cEYFP. Yellow fluorescence was observed when the 
two fusion proteins were expressed and interacted in the same protoplast (Figure 4.1a). 
By overlaying with the DIC image of the protoplast (Figure 4.1b), it was observed 
that the yellow fluorescence was not located within the chloroplasts (Figure 4.1c). The 
same yellow fluorescence was not observed in the negative control experiments 
(Figure 4.1d-4.1f). The colocalization of chlorophyll autofluorescence (Figure 4.1g) 
and chloroplasts (Figure 4.1h) colocalized (Figure 4.1i). The subcellular localization 
of CP in kenaf leaf cells and HcSO in kenaf protoplasts is shown in Figure 4.2b and c. 
The peroxisomes labeled by anti-SKL antibody and goat anti-rabbit IgG (H+L), 
DyLight 405 (d) showed green fluorescence (Figure 4.2d). The yellow fluorescence 
from the interaction of CP and HcSO (Figure 4.2e) colocalized with the peroxisomes 
(Figure 4.2f). Immuno-stainning of peroxisomes by anti-SKL antibody and Alexa 
Fluor
®
 488 goat anti-rabbit IgG (H+L) in kenaf protoplast (Figure 4.2g, i) shared 
similar expression patterns with the colocalization of CP and HcSO (Figure 4.2c). The 
negative controls showed nonspecific green fluorescence of protoplasts by goat 








Fig. 2. BiFC co-localization of HCRSV CP and HcSO in kenaf protoplasts. (a) and (c) showed 
yellow fluorescence observed in kenaf protoplasts transfected with pSAT1-nEYFP-C1-CP and 
pSAT1-cEYFP-C1(B)-HcSO under confocal microscope. No fluorescence was observed in 
negative controls of kenaf protoplasts that were co-transfected with pSAT1-nEYFP-C1+pSAT1-
cEYFP-C1(B) (data not shown), pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B)-HcSO (d-f), pSAT1-
nEYFP-C1-CP+pSAT1-cEYFP-C1(B) (data not shown), respectively. (b) and (e) were differential  
interference contrast (DIC) images of protoplasts. (c) and (f) were the merged images of DIC and 
the yellow fluorescence. Autofluorescence image (g) and DIC image (h) of the same kenaf














































Figure 4.1. BiFC co-localization of HCRSV CP and HcSO in kenaf protoplasts 
 
(a) and (c) showed yellow fluorescence observed in kenaf protoplasts transfected with 
pSAT1-nEYFP-C1-CP and pSAT1-cEYFP-C1(B)-HcSO und r confocal microscope. 
No fluorescence was observed in negative controls of kenaf protoplasts that were 
co-transfected with pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B) (data not shown), 
pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B)-HcSO (d-f), 
pSAT1-nEYFP-C1-CP+pSAT1-cEYFP-C1(B) (data not shown), respectively. (b) and 
(e) were differential  interference contrast (DIC) images of protoplasts. (c) and (f) 
were the merged images of DIC and the yellow fluorescence. Autofluorescence image 
(g) and DIC image (h) of the same kenaf protoplast. (i) Merged images of (g) and (h). 
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Fig. 3. Subcellular localization of HCRSV CP and HcSO in kenaf epidermal cells (a to c) and colocalization of the two proteins to 
peroxisomes which were counter-stained with a peroxisome-specific anti-SKL antibody in protoplasts (d to i).  (a) Fluorescence of free GFP 
which could be observed in both nucleus and cytoplasm. (b) and (c)  Subcellular localization of fused GFP-HCRSV CP (reproduced from Zhou 
et al. 2006) in kenaf epidermal cell and eYFP-HcSO in kenaf protoplast (This study). The fused GFP-HCRSV CP and eYFP-HcSO were 
localized in the cytoplasm and the peroxisomes, respectively. (d) A protoplast labeled with anti-SKL antibody, followed by goat anti-rabbit 
IgG (H+L) and DyLight 405. (e) Yellow fluorescence resulted from interaction of HCRSV CP and HcSO in the BiFC experiment as shown in 
Fig. 2. (f) Merged images of (d) and (e). (g) Positive control showing green fluorescence from anti-SKL antibody and Alexa Fluor® 488 goat 
anti-rabbit IgG (H+L) labeling in a kenaf protoplast. (h) A differential interference contrast (DIC) image of the protoplast. (i) Merged images 
of (g) and (h). (j) Negative control showing labeling of protoplasts by Alexa Fluor® 488 goat anti-rabbit IgG (H+L) in the cytoplasm. (k) The 
DIC image of the same protoplast. (l) Merged images of (j) and (k). 
 
Figure 4.2. Subcellular localization of HCRSV CP and HcSO in kenaf epidermal 
cells (a to c) and colocalization of the two proteins to peroxisomes which were 
counter-stained with a peroxisome-specific anti-SKL antibody in protoplasts (d 
to i). 
 
(a) Fluorescence of free GFP which could be observed in both nucleus and cytoplasm. 
(b) and (c) Subcellular localization of fused GFP-HCRSV CP (reproduced from Zhou 
et al. 2006) in kenaf epidermal cell and eYFP-HcSO in kenaf protoplast (This study). 
The fused GFP-HCRSV CP and eYFP-HcSO were localized in the cytoplasm and the 
peroxisomes, respectively. (d) A protoplast labeled with anti-SKL antibody, followed 
by goat anti-rabbit IgG (H+L) and DyLight 405. (e) Yellow fluorescence resulted 
from interaction of HCRSV CP and HcSO in the BiFC experiment as shown in Figure. 
2. (f) Merged images of (d) and (e). (g) Positive control showing green fluorescence 
from anti-SKL antibody and Alexa Fluor
®
 488 goat anti-rabbit IgG (H+L) labeling in 
a kenaf protoplast. (h) A differential interference contrast (DIC) image of the 
protoplast. (i) Merged images of (g) and (h). (j) Negative control showing labeling of 
protoplasts by Alexa Fluor
®
 488 goat anti-rabbit IgG (H+L) in the cytoplasm. (k) The 
DIC image of the same protoplast. (l) Merged images of (j) and (k).  
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4.3.2 HCRSV CP bound to HcSO in vitro 
 
To confirm the interaction of HCRSV CP and HcSO, an in vitro binding assay was 
performed using purified GST-HCRSV CP bound to the glutathione sepharose 4B 
beads and in vitro translation product of HcSO labeled with biotinylated lysine. As 
shown in Figure 4.3, the GST-HCRSV CP fusion protein bound to the in vitro 
translated HcSO. In contrast, no binding activity was detected either between 
GST-HCRSV CP and the in vitro translation product of plasmid without the HcSO 
insert or between GST and in vitro translated HcSO. The in vitro-translated HcSO 
also did not bind to the glutathione sepharose 4B beads directly. In the washes, the in 
vitro translated HcSO showed two bands including HcSO and the in vitro translation 
product from the pGADT7 vector (Figure 4.3a). The unbound in vitro translated 
pGADT7 resulted in a lower molecular weight product which was included as a 
negative control (Figure 4.3a). Thus, the in vitro binding of HCRSV CP and HcSO 
















Fig. 4. In vitro binding assay of bacterial-expressed GST-CP of HCRSV and in vitro translated product (ivt) of HcSO. The 
two proteins were mixed with glutathione sepharose 4B beads and incubated for 1 h. The mixture was pelleted and washed 
three times and the protein that bound to GST-CP was eluted with an elution buffer containing reduced glutathione. Purified 
GST-CP and ivt HcSO were detected in GST-CP-HcSO complex bound to glutathione sepharose 4B beads. GST-CP was 
unable to bind ivt of pGADT7 which was washed out (a). Ivt HcSO was unable to bind glutathione sepharose 4B beads alone. 









Figure 4.3. In vitro binding assay of bacterial-expressed GST-CP of HCRSV and 
in vitro translated product (ivt) of HcSO 
 
 
The two proteins were mixed with glutathione sepharose 4B beads and incubated for 
1 h. The mixture was pelleted and washed three times and the protein that bound to 
GST-CP was eluted with an elution buffer containing reduced glutathione. Purified 
GST-CP and ivt of HcSO were detected in GST-CP-HcSO complex bound to 
glutathione sepharose 4B beads. GST-CP was unable to bind ivt of pGADT7 which 
was washed out (a). Ivt of HcSO was unable to bind glutathione sepharose 4B beads 




4.3.3 HCRSV infection induces peroxisome proliferation and aggregation in 
kenaf cells 
A normal peroxisome was observed adjacent to two chloroplasts in mock-inoculated 
leaves by TEM (Figure 4.4a). Peroxisome proliferation and aggregation were 
observed in HCRSV-infected leaves (Figure 4.4b and d, representative images of 20 
micrographs each). Immuno-labeling of virions with HCRSV antiserum and goat 
anti-rabbit secondary antibody conjugated to 15 nm gold particles was quantified by 
counting the numbers of gold particles on peroxisomes. On average, 6 gold particles 
were found over each peroxisome of mock-inoculated leaf cells (Figure 4.4c) as 
compared to 30 gold particles detected in each peroxisome of HCRSV-infected kenaf 
leaf cells (Figure 4.4e). Since HCRSV CP-labeled with gold particles was detected in 
the peroxisomes of infected kenaf leaves, it indicates that HCRSV CP is able to either 
enter or attach to peroxisomes of systematically infected leaves.  
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Fig. 5. HCRSV infection enhanced biogenesis and aggregation of peroxisomes in kenaf cells. (a) Normal morphology of 
chloroplasts and peroxisomes in mock-inoculated cell. (b) and (d) Increased number and aggregation of peroxisomes.  
Accumulation of immuno-gold particles recognizing HCRSV in one of the aggregated peroxisomes in mock inoculated (c) 
and HCRSV-infected cells (e). Thin sections were incubated with HCRSV antiserum and goat anti-rabbit secondary 
antibody conjugated to 15 nm gold particles. Chl, chloroplast; CW, cell wall; Cyt, cytoplasm; M, mitochondria; P, 
peroxisomes. Bars (a-d) represent 0.5 µm and (e) represents 0.25 µm.
 
Figure 4.4. HCRSV infection enhanced biogenesis and aggregation of 
peroxisomes in kenaf cells  
 
(a) N rmal morphology of chloroplasts and peroxisomes in mock-inoculated cell. (b) 
and (d) Increased number and aggregation of peroxisomes.  Accumulation of 
immuno-gold particles recognizing HCRSV in one of the aggregated peroxisomes in 
mock inoculated (c) and HCRSV-infected cells (e). Thin sections were incubated with 
HCRSV antiserum and goat anti-rabbit secondary antibody conjugated to 15 nm gold 
particles. Chl, chloroplast; CW, cell wall; Cyt, cytoplasm; M, mitochondria; P, 











4.3.4 HCRSV infection leads to an up-regulation of HcSO gene transcript and 
SO activity 
Steady-state levels of HcSO gene transcripts were up-regulated some 5-fold in the 
HCRSV-infected leaves compared to mock-inoculated leaves (Figure 4.5). The SO 
activity in the fully developed true leaves from the HCRSV-infected kenaf plants was 
also higher compared with that in the mock inoculated plants (Figure 4.6a). The H2O2 
generating activity was slightly higher in the same leaves than that from the mock 
inoculated plants (Figure 4.6b). The kenaf leaves for the above assay were taken from 
the kenaf plants which were about 30 days old after germination. At the same time, 
the SO activity was much higher in the HCRSV infected upper leaves than that in the 
100 times diluted HCRSV infected upper leaves (Figure 4.6c). Thus the SO activity 
may be involved with the amount of the virus in the systematic infected upper leaves.  
 
The kenaf leaves infected by HCRSV showed chlorotic ringspot symptom in the 
inoculated leaves and upper new grown leaves (Figure 4.7a, panels a and c,). The first 
true leaf did not show the symptom (Figure 4.7a, pane b,), comparing to the mock 
inoculated kenaf leaves (Figure 4.7a, panel d, e and f). However, the kenaf leaves 
infected by HCRSV under the high H2O2 stress did not show the chlorotic ringspot 
symptom in the true leaves (Figure 4.7a, panel g, h and i). The western blot of total 
protein from the above leaves showed that CP can be detected in both of the HCRSV 
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Figure. 6. Quantitative analysis of transcript expression of sulfite oxidase
gene of mock-inoculated versus HCRSV-infected kenaf leaves after 
normalization against kenaf 18S rRNA expression. Each sample was 
carried out with triplicates. Results shown here was taken from one of the 
two independent experiments which yielded similar results.
 
Figure 4.5. Quantitative analysis of transcript expression of SO gene 
 
Mock-inoculated versus HCRSV-infected kenaf leaves after normalization against 
kenaf 18S rRNA expression. Each sample was carried out with triplicates. Result 
shown here was taken from one of the two independent experiments which yielded 
similar results. 
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Fig. 7. SO activity and H2O2-generating activity from mock-inoculated (mock) and HCRSV-infected (HCRSV) 
kenaf leaf extracts (10 µg). The SO activity was assayed using the ferricyanide reduction technique (a) and 
followed by H2O2 generation assay (b). Both assays were measured using a spectrophotometer at 420 and 515 nm, 
respectively.
Mock HCRSV Mock HCRSV



















Mock            HCRSV      HCRSV (100X dil)
Up-regulation of SO activity is c rrelated with 
the HCRSV mount
 
Figure 4.6. SO activity and H2O2-generating activity from mock-inoculated 
(mock), HCRSV-infected (HCRSV) and diluted HCRSV infected (100X dil) 
kenaf leaf extracts (10 µg).  
The SO activity was assayed using the ferricyanide reduction technique [(a) and (c)], 
followed by H2O2 generation assay (b). The SO activity and H2O2-generating activity 
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Figure 4.7. Comparison of H2O2 generating activity between mock-inoculated 
(M), HCRSV (V) infected kenaf leaves and HCRSV infected kenaf leaves under 
stress (SV) 13dpi. 
  
 
The leaves were divided into three groups including inoculated leaves (1), second 
upper grown leaves (2) and upper leaves (3). The assays were measured using a 
spectrophotometer at 515 nm, respectively. The images of the leaves were taken. (a), 
M1. (b), M2. (c), M3, (d), V1. (e), V2. (f), V3. (g), SV1. (h), SV2. (i), SV3. 
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infected kenaf leaves (V) and HCRSV infected leaves under stress (SV) (Figure 4.7b). 
The H2O2 generating activity assay of the above leaves showed that the HCRSV 
infected kenaf leaves under stress showed higher H2O2 generating activity than the 
others 13dpi. The H2O2 generating activity in the HCRSV infected leaves is much 
higher than that in the mock inoculated leaves (Figure 4.7b) about 13dpi. The result 
indicates that the increased H2O2 generating activity in the HCRSV infected plants 
may be a common response of the plant to the virus infection but the H2O2 may not be 
correlated with the chlorotic ringspot symptom. SO can reduce H2O2 and produce 
sulfate if the sulfite level is high in the plant cells (Hansch et al., 2006). The sulfate 
concentration increased 2-3 times after HCRSV infection when compared to control 
leaves (Figure 4.8). The results indicate that the sulfite level increased during the 
virus infection process since that sulfite is difficult to measure as it is maintained at 
low levels in plant tissues and it rapidly oxidizes in extracts (Tsakraklides et al., 2002). 
Thus the SO may play a role in reducing the H2O2 at certain time point during the 
virus infection. 
 
4.3.5 HcSO was successfully silenced by TCV silencing vector 
Real-time PCR result showed that HcSO was silenced 15 dpi compared to that from 
the mock inoculated plant. However, when compared to the SO transcript level from 
the plant inoculated with the in vitro transcription product of TCV ∆ CP GFP, the 
silencing effect was not that significant. 
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Fig. 8. Comparison of sulfate levels between mock-inoculated and HCRSV-infected 
kenaf leaves. Data showed three independent experiments (1, 2 and 3). Unfilled and 























































Figure 4.8. Comparison of sulfate levels between mock-inoculated and 
HCRSV-infected kenaf leav s 
 
Data showed three independent experiments (1, 2 and 3). Unfilled and black 
rectangles represented mock-inoculated and HCRSV-infected kenaf leaf samples, 
respectively. 
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 It is possible that the TCV infection may cause down-regulation of HcSO. The SO 
transcript level in the leaves inoculated with IVT of TCVΔCP HcSO was much lower 
than that in the leaves inoculated with IVT of TCVΔCP GFP (Figure 4.9a). The 
experiment was repeated three times and the results showed the same trend. 
 
The symptom of the first true leaves inoculated with IVT of TCVΔCP HcSO and 
p223 were less obvious. The symptom of the mock and p223 inoculated leaves were 
most severe. The symptom of the leaves inoculated with IVT of TCVΔCP GFP and 
p223 were much more severe than that inoculated with IVT of TCVΔCP HcSO and 
p223 (Figure 4.9b).  
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Figure 4.9. Study on the effect of silencing of HcSO on the symptom development 
of HCRSV infection and quantitative analysis of transcript expression of HcSO 
gene. 
 
(A) The symptom of the first true leaves inoculated with IVT of TCVΔCP HcSO and 
p223 was less obvious. The symptom of the mock and p223 inoculated leaves were 
most severe. The symptom of the leaves inoculated with IVT of TCVΔCP GFP and 
p223 was much severe than that inculated with IVT of TCVΔCP HcSO and p223. (B) 
Leaves inoculated with TCVΔCP HcSO versus leaves inoculated with TCVΔCP GFP 
and mock inoculated plants. Each sample was carried out with triplicates. Results 





The interaction between HCRSV CP and HcSO has been proved by Y2H study and in 
vitro pull down assay. BiFC study has also confirmed the interaction in kenaf 
protoplast (Figures 4.1 and 4.3). The subcellular colocalization of CP and HcSO, 
which showed small punctuate structures between chloroplasts, shared similar 
expression patterns with protoplasts labeled by anti-SKL antibody and Alexa Fluor
® 
488 goat anti-rabbit IgG. Although fixation and staining of the protoplasts expressing 
CP and HcSO together by BiFC experiment were completed, the yellow fluorescence 
was weak after processing. The fixed protoplasts could be visualized by indirect 
immunofluorescence analysis (Figure 4.2g). As SKL antibody can be used to label 
peroxisomes from animals to plant species (Usuda et al., 1999), it is reasonable to 
conclude that the interaction of CP and HcSO is associated with peroxisomes. 
 
TEM analysis showed proliferation and aggregation of peroxisomes in 
HCRSV-infected kenaf leaves (Figures 4.4b and d), suggesting that the genes 
responsible for modulating peroxisome activity have been up-regulated under the 
stress of HCRSV infection. It has been shown that H2O2 is a universal stress signal 
molecule that induces the up regulation of peroxisome biogenesis genes in plants 
(Lopez-Huertas et al., 2000). The H2O2 generating activity was slightly higher in the 
HCRSV infected leaves than those from the mock inoculated plants (Figure 4.6b).  
H2O2 is the major kind of ROS, which probably initiate lipid peroxidation chain 
reactions causing damage of structural membranes/cell necrosis and restriction of the 
 104 
pathogen. In order to prompt the virus infection, a down-regulation of antioxidant 
enzymes in challenged cells prior to symptom expression might facilitate the 
accumulation of ROS, which might protect cells adjacent to lesions from radical 
induced damage (Fodor et al., 1997). The increased H2O2 generating activity in this 
study may show one kind of plant response to the virus infection but may not be 
correlated with the chlorotic ringspot symptom. Kenaf leaves infected by HCRSV 
under high H2O2 stress did not show the same symptoms presented in the true leaves 
with that infected by HCRSV but not under high H2O2 stress (Figure 4.7a, panels g, h 
and i), even though the Western blot result showed similar CP amount in the true 
leaves from the HCRSV infected kenaf leaves under no stress and HCRSV infected 
leaves under stress (Figure 4.7b).  
It was suggested that increases in antioxidant enzyme activities interrupted the signals 
which were generated due to the increase of ROS resulted in a compatible interaction 
(Matute et al., 2005). SO can reduce H2O2 and produce sulfate if the sulfite level is 
high in the plant cells (Hansch et al., 2006). Since SO activity in the fully developed 
true leaves from the HCRSV-infected kenaf plants was also higher compared with 
that in the mock inoculated plants (Figure 4.6a). The sulfate concentration increased 
2-3 times after HCRSV infection when compared to control leaves (Figure 4.8). The 
results indicate that the sulfite level has increased during the virus infection process 
and the increased SO activity may play a role in reducing the H2O2 and promote the 
compatible HCRSV-Kenaf interaction at certain time point. Since there is interaction 
between HCRSV CP and HcSO and the SO activity has been shown to be correlated 
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with the amount of the virus in the systematic infected upper leaves (Figure 4.6c), the 
HCRSV CP may function to increase SO activity by interaction with it. However, the 
SO activity during the virus infection may be a dynamic process. Thus it is necessary 
to track the changes of the SO activity during the plant developmental process and 
virus infection process in the further study. 
 
SO will react with the excess of H2O2 and produce sulfate at higher sulfite 
concentrations, which will restrict the catalase activity (Hansch et al., 2006). 
According with the result of increased SO activity and sulfate level (Figure 4.6a and 
4.8) in the HCRSV infected leaves, it is reasonable to suggest that the increased SO 
activity in the HCRSV infected leaves with symptom shown may play an important 
role in down-regulating the H2O2 generating activity in order to promote the virus 
infection. Since there are several anti-oxidizing enzymes in the plant that can reduce 
H2O2, the specific role of SO in the decreased H2O2 level during the virus infection 
will be much clearer if the anti-oxidant enzyme activity during the virus infection 
process is measured together with the H2O2 level as described earlier (Diaz-Vivancos 
et al., 2008). 
 
Based on the results from the above experiment and previous published data on SO, 
we proposed a hypothesis on the roles of SO in the compatible virus-host interaction 
especially the appearance of the disease symptom (Figure 4.10). Upon the HCRSV 
infection, the plant will be under oxidative stress and the ROS can be produced. The 
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ROS, mainly H2O2, was produced to kill the virus in lesions and prevent the virus 
from spreading by destroying the membrane structure and other possible signaling 
pathways (Bowler & Fluhy, 2000; Cosgrove, 1999). At the same time, the 
anti-oxidation system including cysteine and glutathione synthesis is also initiated in 
order to prevent cell death (Kerstin et al, 2010). Thus, the sulfite level has to be 
increased to supply more sulfides for the cysteine and glutathione syntheses. However, 
the increased sulfite could be oxidized to sulfite or react with excess H2O2, leading to 
reduced level of sulfite,. On the other side, the reduced level of H2O2 will allow the 
virus to spread to new healthy cells  Through the two processes, the compatible 
virus-host interaction can be established so that the virus continue to move into new 
cells and the virus infected cells were killed in the lesions. Thus, the systematic 
chlorotic ringspot symptom appeared. Through this hypothesis, the important role of 
SO in the establishment of the systemic ringspot symptom can be shownand this was 
also confirmed by the HcSO gene-silencing study. 
In order to study the importance of SO in the process of virus infection, VIGS has 
been introduced to silence the HcSO in the kenaf leaves. The SO transcript level was 
silenced in the leaves inoculated with IVT of TCVΔCP HcSO as compared to the 
mock inoculated leaves, and the silencing also occurred in the leaves inoculated with 
IVT of TCVΔCP GFP 15 dpi (Figure 4.9a). Thus, the transcript level of HcSO may be 
down-regulated due to TCV infection. However, the SO transcript level was silenced 
in the leaves inoculated with IVT of TCVΔCP HcSO as compared to the leaves 
inoculated with IVT of TCVΔCP GFP 15 dpi. The symptom of the first true leaves 
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inoculated with IVT of TCVΔCP HcSO and p223 was less obvious. The symptom of 
the mock and p223 inoculated leaves were most severe. The leaves inoculated with 
IVT of TCVΔCP GFP and p223 showed much more severe symptom than that of 
inoculated with IVT of TCVΔCP HcSO and p223 (Figure 4.9b). This result is 
consistent with the proposed role of SO in the compatible virus-host interaction and 













Figure 4.10. The proposed hypothesis on the important roles of SO for the appearance 













CHAPTER 5  
Hibiscus chlorotic ringspot virus coat 




Ribosomes are organelles involved in protein synthesis consisting of small 40S and 
large 60S subunits which are composed of 4 RNA species and approximately 80 
structurally distinct proteins. Proteins that make up the ribosomes are named 
according to the subunits of the ribosome which belong to the small (S1 to S31) or 
the large (L1 to L44). Usually they decorate the rRNA cores of the subunits. Their 
primary functions are mainly to serve to organize and stabilize the rRNA tertiary 
structure while new functions have been found. 
 
Ribosomal proteins are well accepted to be responsible for translation in both 
prokaryotic and eukaryotic cells. Some of the ribosomal proteins have shown an 
additional role in immunity (Nishiura et al., 1996), indicating that the ribosomal 
proteins have multiple functions. RPL10A is a subcomponent of the 60S subunit of 
ribosomes which are highly conserved and present in eukaryotes in multiple copies as 
well. RPL10A has been previously known as CSA-19 (Fisicaro et al., 1995) and also 
NEDD6 (neural precursor cell expressed developmentally down-regulated). However, 
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the precise roles of RPL10a in the process of eukaryotic protein synthesis are 
unknown. 
 
It was shown that trichosanthin (TCS) interacted with L10a, thus it was postulated 
that the interaction of TCS and L10a might provide receptor sites for RIPs to gain 
access to the ribosome or interfere with the process of ribosome assembly and protein 
synthesis. The interaction between TCS and RPL10a indicates that the specific 
cyto-toxicity of TCS seemed to be relevant to the distribution of L10a (Xia et al., 
2005). Further more, over expression of RPL10a from Chlamydomonas reinhardtii 
was able to restore the capacity of the oxidative stress-sensitive yap1 null strain of 
Saccharomyces cerevisiae to resist against H2O2, paraquat, menadione, and UV light 
due to increased carotenoid levels (Mendez-Alvarez et al., 2000). ROS were shown to 
be involved in trichosanthin-induced apoptosis of human choriocarcinoma cells 
(Zhang et al., 2001). Thus, it would be of interest to determine if the physical 
association of TCS to RPL10a might prevent the resistance of RPL10a to ROS and 
result in it most sensitivity of choriocarcinoma cells to TCS due to the lowest 
expression level of L10a in choriocarcinoma cells. In this study, the 60S ribosomal 
protein RPL10A of kenaf was isolated using a HCRSV CP affinity column and 






5.2 Materials and methods 
5.2.1 Preparation of Hibiscus stem sap proteins 
Hibiscus plants were grown under 12 h of daylight for 1 month. The plant stems were 
harvested and squeezed through a syringe with a plunger to collect the stem sap, 
which was further diluted with 4 volumes of extraction buffer (100 mM Tris-HCl， 
pH 8.2, 5 mM EDTA, 1 mM PMSF, 20 mM DTT). The resulted mixture was 
concentrated using Ultra-15 (Amicon), dialyzed against binding buffer (140 mM 
NaCl, 10 mM Tris-HCl pH 7.4, 2 mM EDTA, 2 mM DTT) overnight (Chen et al., 
2000), and stored at -80°C. The protein concentration was estimated using the 
Bio-Rad protein assay. The stem sap was used because leaf homogenate contained 
large amount of viscous polysaccharides which hindered protein extraction in 
subsequent steps.  
 
5.2.2 Preparation of HCRSV virions and coat protein subunits 
HCRSV virus particles were purified as described previously (Doan et al., 2003). 
The purified virions were dissociated into CP subunits accordingly (Annamalai & 
Rao, 2005). The purity and integrity of dissociated CP subunits were examined by 
silver staining of 12% SDS-polyacrylamide gel. Protein concentration was 
determined using the Bio-Rad protein assay with BSA as a standard. 
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5.2.3 HCRSV CP affinity chromatography 
The CP subunits (5 mg in 2~3 ml) were dialyzed against 100 mM MOPS (pH 7.5) for 
12 h and coupled to 1 ml Affigel-10 (Bio-Rad) according to the product manual. The 
extra active esters on the Affigel-10 matrix were blocked by incubation in 100 mM 
ethanolamine (pH 8.0) for 1 h. The coupled matrices were poured into 1 ml column, 
and washed once with 100 mM MOPS (pH 7.5), twice with the binding buffer 
containing 1 M KCl and twice with the same buffer containing 200 mM KCl. All 
washes were performed with 10 ml of buffer. Subsequently, the HCRSV CP affinity 
column was equilibrated with 50 ml binding buffer. Twenty mg of the kenaf proteins 
in 10 ml were loaded on the CP column at a flow rate of 0.5 ml/min. Then the column 
was washed with 50 ml binding buffer and the bound proteins were sequentially 
eluted with 1 ml each of the binding buffers containing 200 and 500 mM KCl, 1% 
SDS (Hayman et al., 2001), respectively. After each elution, the column was washed 
with an additional 10 ml of the same buffer. All the steps described above were 
performed at 4 °C. The eluted fractions were concentrated to 0.1 ml by Centricon-10 
(Amicon) before SDS-PAGE analysis.  
Sections 5.2.1 to 5.2.3 were carried out by Li Weimin. 
 
5.2.4 Sequence analysis of putative CP-interacting protein 
A 26 kDa protein, named as p26, was eluted from the HCRSV CP affinity column 
with 200 mM KCl. After electrophoresis on a 12% SDS-polyacrylamide gel, the 26 
 113 
kDa band was excised, in-gel digested with trypsin, and subjected to 
MALDI-TOF/TOF analysis at the Protein and Proteomics Centre, Department of 
Biological Sciences, National University of Singapore.  
 
5.2.5 Molecular cloning of L10A protein from kenaf plant 
The total RNA was purified and the cDNA was synthesized as described in section 
3.2.1. Degenerate primers were designed from amino acid sequence of the conserved 
domains and used to generate the cDNA of kenaf RPL10A between these two 
conserved regions. All PCR were carried out with a hot start step at the beginning 
following the method. The size of the PCR product was observed via gel 
electrophoresis and the gel was then purified and cloned into the pGEM
®
-T Easy 
Vector (Promega). The ligation mixture was then transformed into DH5α competent 
cells and the white colonies with the desired insert growing on LB liquid medium 
added with ampicillin and X-Gal were verified and selected.  
 
5.2.6 Rapid amplification of cDNA ends (RACE) and nested PCR 
Primers used for the subsequent 5‟-RACE and 3‟-RACE PCR were designed from the 
sequence we obtained from the earlier PCR and used to carry out the 5‟-RACE and 3‟ 
RACE PCR respectively. Hot start was carried out for each as mentioned earlier. And 
the polymerase used in the subsequent RACE PCR was the Taq polymerase instead of 
that provided by the BD SMART
™
 
RACE cDNA Amplification Kit (Clontech). Each 
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RACE PCR was done via the touch down PCR method with the annealing 
temperature decreasing by 1 ºC each cycle. 
 
In order to get the full cDNA sequence, RACE PCR was conducted using primers 
generated from the fragment of which the sequence was known. Due to the reason 
that the band of the PCR products obtained after each 5‟ RACE or 3‟ RACE PCR was 
not very clear, nested PCR was done on the PCR products of the RACE PCR using 
nested primers specially designed for either the 5‟ RACE or 3‟ RACE PCR. The PCR 
product was cloned into the TA vector and sequenced. The sequences of 5‟ RACE and 
3‟ RACE PCR together with the central amplified fragment were aligned and the full 
ORF of L10A was generated. 
 
This would enable us to amplify the 5‟ and 3‟ end sequences of kenaf RPL10A. For 
the first step of degenerate primers designing, the Tm and G-C percentage of the 
degenerate primers designed must also be taken into consideration in order for the 
PCR reactions to work apart from choosing the best possible region. The two 
degenerate primers that allowed us to obtain part of the sequence of kenaf RPL10A 
were L10A-5‟ Degenerate Primer and L10A-3‟ Degenerate Primer. At the same time, 
touch down protocol was incorporated into the PCR experiment. Touch Down 
technique shows clearly the advantages of the technique in overcoming some 
shortcomings of using degenerate primers that are not 100% specific.  
All of the primers used above were listed in Table 5.1. 
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Table 5.1 Primers used in the PCR experiment of RPL10A study 
 
Construct Primer Primer Sequence  (5‟-3‟) 
First-strand 
cDNA synthesis 






5'-RACE CDS Primer 5'–(T)25V N–3' 
RPL10A-5‟ Degenerate Primer 
5‟CTTGTKAAGAAGCTTGCYAAGWMKTACCATG
3‟ 
RPL10A-3‟ Degenerate Primer 5‟CCATKTGCTYTTSAWGTACARRCACCT3‟ 
RPL10A-5‟ Race Primer 5‟CATGCAAAGCACCTCCTTCAGCTGGAAC3‟ 
RPL10A-3‟ Race Primer 5‟TGGCTTCCGAATCCGTTATCAAGCAGATCC3‟ 
RPL10A-5‟ Nested Primer 5‟GTGAGAAACAAGGGTTGGGAATTTTCCTG3‟ 
RPL10A-3‟ Nested Primer 
5‟CTGGCAAAACGTGAGGTGTTTGTACTTGAAG
3‟ 









RPL10A-Y2H 5‟ Primer 5‟CCGGAATTCATGAGTAAGCTTCAGAGTGAT3‟ 













5.2.7 Yeast two-hybrid analysis 
Three gene fragments corresponding to the R, S, P domains of HCRSV CP were 
amplified by PCR and inserted into EcoRI-BamHI-digested pGBKT7 vector, a 
DNA-binding domain (BD) expression vector, to give pGBKT7-HR, -HS, -HP, 
respectively.  
 
Kenaf RPL10A cDNA sequence was cloned into pGADT7 vector and expressed as 
fusion to the GAL4 activation domain (AD) in yeast reporter strain AH109. A small 
scale co-transformation method was then carried out according to the protocol. Four 
different combinations of yeast mating (AD-L10A + BD-CP, AD-L10A + BD-P 
domain, AD-L10A + BD-R domain, AD-L10A + BD-S domain) were carried out. 
After mating was completed, the yeast diploid cells were selected on a SD agar plate 
lacking adenine, histidine, leucine and tryptophan (SD/-Ade/-His/-Leu/-Trp) and 
incubated at 30 °C for 3 to 5 days. Yeast colonies were streaked onto the same solid 
medium supplemented with X-α-Gal, and incubated at 30 °C for 24 h to monitor 
α-galactosidase expression. All primers used were listed in Table 5.1. 
 
5.2.8 In vitro translation 
In vitro translation of kenaf RPL10A was done following the protocol stated in TNT
® 
Quick Coupled Transcription/Translation Systems (Promega). The template used for 
the in vitro translation was the plasmid DNA containing the RPL10A cDNA sequence 
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that was ligated into the T-Vector which contains a T7 promoter site. The Transcend
™ 
Biotinylated tRNA (Promega) was used so that the RPL10A protein was labeled with 
biotinylated lysine. After the in vitro translation was completed, a western blot was 
performed to check for the presence of the RPL10A protein. Western blot analysis 
was carried out and RPL10A was detected and visualized on kodak X-ray film by the 
Transcend
™
 chemiluminescent non-radioactive translation detection system 
(Promega).  
 
5.2.9 Pull down assay 
Twenty µl of the eluted GST-CP protein was mixed with 40 μl of Glutathione 
Sepharose 4B beads in 1X PBS buffer to a final volume of 500 µl. The mixture was 
incubated at 4 ºC with gentle agitation for 1 h. Ten μl of the in vitro translated 
product of RPL10A protein was then added into the mixture. The mixture was then 
incubated again at 4 ºC with gentle agitation for 1 h followed by 4 times wash using 
500 µl of 1X PBS buffer. The bound proteins were then eluted by washing the 
mixture with 100 µl of elution buffer for 2 times and then separated on 12% 
SDS-PAGE gel. After electrophoresis, western blot was done and the RPL10A was 





5.3 Results   
5.3.1 Identification of RPL10A 
To identify host factors that interact with the HCRSV CP, an affinity column was 
made with the CP covalently bound to Affigel-10 matrix. Kenaf stem sap proteins 
(Figure.5.1A) were loaded onto this column. Following an extensive wash with 50 ml 
binding buffer, putative CP-interacting proteins were eluted, separated by SDS-PAGE 
and analyzed by silver staining (Figure. 5.1B). A protein with relative molecular 
weight of 26 kDa, named p26, was present in the 200 mM KCl eluted fractions. 
 
5.3.2 Sequence analysis of putative L10A protein in kenaf plant 
The p26 was excised from the gel and analyzed by peptide mass fingerprinting via 
MALDI-TOF/TOF. The obtained masses were compared with the proteins in a 
comprehensive primary sequence database using the Mascot search engine. Five 
peptides derived from p26 via MALDI-TOF/TOF and their alignments with 
full-length ribosomal protein L10A sequences of Oryza sativa (Genbank accession no. 
GI50948455), Arabidopsis thaliana (GI30680605) and Homo sapiens (GI15431288) 
showed 81% identity, implying that RPL10A is a quite conserved protein in different 





Figure 5.1. Purification of CP-interacting proteins by affinity chromatography 
 
(A) Coomassie blue-stained total proteins of Hibiscus stem sap. Five mg of proteins 
were loaded. (B) Total proteins were incubated with CP affinity column. Bound 
proteins were eluted with 200 and 500 mM KCl, followed by 1% SDS. Eluted 
fractions were separated by SDS-PAGE and visualized by silver staining. M, 




Figure 5.2. Identification of p26 as a 60S ribosomal protein RPL10A 
 
Five peptides derived from p26 via MALDI-TOF/TOF were aligned with full-length 
ribosomal protein RPL10A sequences of Oryza sativa (Genbank accession no. 
GI50948455), Arabidopsis thaliana (GI30680605) and Homo sapiens 
(GI15431288). The alignment was performed by DNAMAN version 4, and black 










5.3.3 Amplification of RPL10A gene using two degenerate primers generates 
a band with a molecular size at around 300bp 
The first pair of primers used for amplification of the kenaf ribosomal protein 
(RPL10A) was designed as degenerate primers from conserved regions of known 
RPL10A protein. Multiple sequence alignment result showed that certain conserved 
regions were present on kenaf RPL10A sequence as well (Figure 5.2). The 
conserved regions of the RPL10A protein across the species were mainly present in 
the middle part of their cDNA sequences. The PCR product from the degenerate 
primers showed a band sized around 300 bp (Figure 5.3). The PCR product was 
cloned into pGEM
®
-T Easy vector and sequenced. And the alignment of the 
sequencing results showed that there are three different L10As with high sequence 
similarity (Figure 5.4). 
 
5‟ RACE PCR was conducted by 5‟ RACE primer. The PCR product showed a 
smear on the agarose gel. Thus nested PCR was conducted from the diluted PCR 
product by designed nested PCR primer. The PCR product was cloned into the TA 
vector and sequenced (Figure 5.5B, lane 1). Blast result of the sequences showed 
that there are three L10A sequences with high similarity (Figure 5.6). Three‟ RACE 
PCR and nested PCR were conducted to amplify the 3‟ terminal of the kenaf 
RPL10A sequence (Figure 5.5A, lane 2). The PCR product was cloned into TA 










Figure 5.3. PCR of RPL10A gene using two degenerate primers generated a size 
of around 300 bp 
  
 
Lane M: DNA Marker, Lane 1: PCR product. The size corresponds to the number of 
nucleotides present between the locations of the 2 degenerate primers in the RPL10A 
sequences of the 3 organisms used for multiple alignments. 
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Fig.2. Alignment of the PCR product by degenerate primers.
 
Figure 5.4. Alignment of the PCR product by degenerate primers 
 




Figure 5.5. 5’ Race PCR product done with the touch down step incorporated is 
in gel photo (a) and nested PCR in gel photo (b) 
 
(a) The degenerate PCR showed various DNA bands that are smudged, indicating 
various PCR products present. (b) The 5‟ and 3‟ race PCR products were subjected to 
another round of nested PCRs using the L10A-5‟ nested primer and L10A-3‟ nested 
primer respectively. A brighter and specific DNA band in both lanes 2 and 3 can be 
seen. 5‟ Race nested PCR product has a size between 500-400 bp while 3‟ Race PCR 

























Figure 5.6. 5’ RACE PCR result showed three RPL10A sequences with a small 
difference 
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The sequences were blasted with the fragment of RPL10A from the central part and 
the result showed that only one of thirteen clones showed the positive results. After 5‟ 
RACE and 3‟ RACE PCR were completed and the complete ORF of kenaf RPL10A 
was obtained from the two different PCRs respectively. The complete RPL10A cDNA 
was amplified by long-distance PCR using 5‟ long-distance primer and 3‟ 
long-distance primer. The PCR product showed a band between 500-650 bp (Figure 
5.7).  
 
The full sequence obtained to NCBI‟s BLASTX program was verified using the 
non-redundant (nr) database. When translated into its protein sequence, there is very 
high similarity between the sequence of our RPL10A protein and RPL10A protein 
sequences of other organisms.The results showed that the sequence of RPL10A 
obtained has a high percentage identity with Zea mays 60S ribosomal protein L10a-1 
(GI:195658043), Oryza sativa Japonica Group putative 60S ribosomal protein L10A 
(RPL10aC)(GI:42407951), Arabidopsis thaliana 60S ribosomal protein L10A 
(RPL10aA) (GI:30680605), Ricinus communis 60S ribosomal protein L10a, putative 
(GI:255565635) (Figure 5.8). This confirms the identity of the RPL10A and also 
suggests the importance of the function of RPL10A to eukaryotic organisms due to 






Figure 5.7. The PCR product of cDNA of full length RPL10A using L10A-5’ 
Long Distance Primer and L10A-3’ Long Distance Primer 
 
The RPL10A product has a size of between 500 – 650bp as seen in Lane 1. As 




Figure 5.8. Alignment of kenaf RPL10A with 60S ribosomal protein from other 
plants 
 
These proteins include Zea mays 60S ribosomal protein L10a-1 (GI:195658043), 
Oryza sativa Japonica Group putative 60S ribosomal protein L10A 
(RPL10aC)(GI:42407951), Arabidopsis thaliana 60S ribosomal protein L10A 










5.3.4 Y2H study  
To study the interaction between HCRSV CP and RPL10A, pGBKT7-CP and 
pGADT7-L10A were co-transformed into the yeast strain AH109. But the 
transformed cells did not show growth on the selective medium 
SD/-Leu/-Trp/-Ade/-His supplemented with X-α-gal (Table 5.2). The plasmids of 
pGBKT7 -HR, -HS, -HP were separately co-transformed with pGADT7-HcSO into 
AH109 competent cells. The cells transformed with pGBKT7-P+ pGADT7-L10A, 
not the pGBKT7-S+ pGADT7-L10A and pGBKT7-R+ pGADT7-L10A, grew 
rapidly and turned blue when streaked onto selective medium 
SD/-Leu/-Trp/-Ade/-His supplemented with X-α-gal (Table 5.2). The plasmid 
combinations pGBKT7+pGADT7, pGBKT7+pGADT7-L10A, 
pGBKT7-CP+pGADT7 and pGBKT7-Lam+pGADT7-RecT were used as negative 
controls and pGBKT7-53+pGADT7-RecT was used as a positive control. Only 
transformants of pGBKT7-P+pGADT7-L10A and the positive control grew on 
SD/-Leu/-Trp/-Ade/-His agar plates supplemented with X-α-gal (Table 5.2). Only P 
showed strong interaction with L10A in yeast cells. 
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Table 5.2 Interaction between HCRSV CP and L10A and identification of 











































Nil Nil Nil Nil + + Nil Nil 
 
Yeast colonies from yeast mating of AD-L10A + BD-P Domain growing on 
SD/-Ade/-His/-Leu/-Trp plates that were added with X-α-Gal and incubated for 1 
day showing colour change from white to blue, confirming the positive interactions 
between the 2 proteins of interest. Yeast mating for the other 2 domains and RPL10A 












5.3.5 Pull down assay 
In the pull down assay, we tried to detect for interactions between the GST-CP and 
RPL10A proteins. We first use the glutathione sepharose 4B beads to bind to the 
purified GST-CP protein (Figure 5.9) from earlier the steps, followed by adding in 
vitro translated RPL10A protein (Figure 5.10) into the mixture. If the two proteins of 
interest interacted with each other, the RPL10A protein would be present in the pellet 
along with the GST-CP bounded glutathione sepharose 4B beads after centrifugation. 
It can be eluted after the washing step. The result showed that no band representing 
RPL10A protein can be seen in the eluted sample as well as the negative controls. 
However in the lanes where the mixture of GST-CP and RPL10A solution was run 
before addition of elution buffer, the RPL10A protein band can be detected after 
development. So the translated RPL10A protein had not degraded during the course 
of the experiment and therefore the lack of RPL10A protein in the final eluted 












Figure 5.9. Purification of GST-CP and GST protein through Glutathione 
Sepharose 4B column chromatography 
 
 
GST-CP has relative molecular weight of 62kDa while GST is 26kDa. Lane M: 
Marker, 1: Purified un-induced sample 2: Crude protein contents of un-induced 
sample 3: Purified GST protein from induced sample expressing GST; 4: Purified 




Figure 5.10. The in vitro translation product of RPL10A protein (arrow) from 
the cloned RPL10A cDNA sequence obtained 
  
 
The size of RPL10A protein is around 26kDa. The smaller protein shown is a 




In cloning of the novel cDNA sequence of RPL10A, we have shown that it is 
sometimes necessary to use combinations of PCR techniques before obtaining the 
final desirable product. More importantly, the success of the PCR usually depends on 
designing the most suitable primers with satisfactory Tm values, G-C content and 
sequences to lower the chances of primer dimmers formation and amplification of 
unspecific DNA products.  
 
The experimental results from Y2H experiments showed that there is interaction 
between the P-domain of CP and RPL10A when plated onto SD/-Ade/-His/-Leu/-Trp 
plates. If possible, this specific interaction between P-domain and RPL10A could be 
one of the mechanisms of suppressing the host‟s defense response. Another possibility 
is that the folding of the CP or RPL10A in the yeast cells may not be exactly the same 
with what happens in the plant cells. After taking these possibilities into consideration, 
the very weak interaction between our proteins of interest might not be equal to 
interactions within the host cells. 
 
The primary results from the in vitro pull down assay could be a false negative result. 
The main argument for this is that the external environment differs from the actual 
internal environment of the plant cell. For example factors like pH values could affect 
the folding of both our proteins. Minute changes in the 3-D configurations of the 
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proteins can easily affect their affinity for each other. Furthermore, the addition of the 
GST tag on the CP could also have affected the way it folds or even interfered in the 
interaction between our proteins of interest. Although the use of the in vitro 
translation is convenient, it still lacks the appropriate pathway for downstream 
post-translational modification of our RPL10A protein.  
 
The problem of post-translational modification has been a major issue in both our in 
vitro and in vivo experiments. To overcome this problem, we would suggest carrying 
out BiFC using kenaf plants and the Agrobacterium infiltration technique. Using 
confocal microscopy, we will be then be able to visualize the CP and RPL10A 
proteins in planta and check for any interactions between the two proteins in the 
infected host. This will eliminate the doubts we have over post-translational 
modification and in different external environment that might affect the protein 
interactions. Furthermore, even if we cannot conclusively determine if the interaction 
between HCRSV CP and RPL10A involves other parts of the ribosome complexes, 
proving of any interactions between the ribosomal complex and HCRSV CP itself is 
already indicative of some viral mechanism at work to that may help to facilitate and 




CHAPTER 6  
Conclusions and future work 
 
6.1 Conclusion and discussion 
1. Kenaf cDNA library was successfully constructed. Several putative interacting 
partners of HCRSV CP have been identified and sequenced. These proteins include 
SO, a putative major latex-like protein, a putative chaperon P13.9, a C2 
domain-containing protein, a Ricin domain-containing protein and putative 
alpha-D-xylosidase like protein. The full-length of C2 domain containing protein 
was amplified by RACE-PCR. The putative major latex-like protein and the putative 
chaperon P13.9 may imply common responses of the plant to the virus infection. The 
C2 domain-containing protein and the Ricin domain-containing protein indicate that 
these proteins may be involved in certain signaling pathways during virus-host 
interaction. The SO and the putative alpha-D-xylosidase like protein represent that 
certain physiological process may be interrupted by the virus infection. Through the 
identified putative interacting proteins, the general information about the response of 
the plant to the virus infection can be obtained. Further in-depth study about the 
specific protein can be continued.  
 
2. The interaction between HcSO and CP was confirmed and studied. The interaction 
between HCRSV CP and HcSO was confirmed in yeast and kenaf protoplasts. 
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Immuno-fluorescence study has showed that the interaction of CP and HcSO is 
associated with peroxisomes. In addition, the H2O2 generating activity increased, and 
the SO activity and sulfate level have increased a lot in the systematic infected leaves 
rather than the mock inoculated leaves. TEM analysis showed proliferation and 
aggregation of peroxisomes in HCRSV-infected kenaf leaves, suggesting that the 
genes responsible for modulating peroxisome activity have been up-regulated under 
the stress of HCRSV infection. H2O2, which is a universal stress signal molecule that 
induces the upregulation of peroxisome biogenesis genes in plants (Lopez-Huertas et 
al., 2000) and it can be produced from PSO. Thus, the increased HcSO activity may 
play an important role in upregulating H2O2-generating activity which upregulates 
genes required for peroxisome biogenesis in HCRSV-infected leaves. Furthermore, 
the symptom is less severe in the HcSO gene-silenced plants and it means that SO 
may also play a role in reducing the symptom severity. 
 
3. CP-interacting protein from Hibiscus cannabinus L. was isolated using affinity 
chromatography and identified as 60S ribosomal protein L10A. The L10A from kenaf 
plant was amplified by a series of RACE PCR and sequenced. Blast result showed 
that this protein sequence is conserved with other species. Y2H results showed that 
only P domain of CP interact with L10A from kenaf plant. The interaction between 




6.2 Future work 
1. The interaction of HCRSV CP and other putative interacting proteins need to be 
confirmed and studied. 
 
2. In this project, it is hypothesized that the interaction between HCRSV CP and C2 
domain-containing protein is involved in signal transduction or targeting of viral 
proteins. Thus the interaction of the two proteins needs to be confirmed by other 
methods like BiFC and pull down assay. The disruption of the interaction may help 
better understand the interaction. 
 
3. The measurement of the anti-oxidant enzyme activity during the virus infection 
process together with the H2O2 level as described earlier (Diaz-Vivancos et al., 2008) 
will help identify the specific role of SO in decreasing the H2O2 level during the virus 
infection. In addition, the production of SO gene-silenced and SO over-expressed 
transgenic kenaf plants will help us better understand the function of SO in protecting 
the plant during virus infection. At the same time, the structure of the protein complex 
of CP and HcSO may help to identify the critical amino-acids which are important for 
the interaction. Thus the engineered virus with the amino acids mutated can be 
developed to disrupt the interaction and this may help us better understand the 




4. The interaction between L10A and HCRSV CP needs to be studied further by other 
methods such as BiFC. In addition, the experiment of in vitro pull down assay needs 
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